Paleomagnetic Determination of Vertical-Axis Block Rotation and Magnetostratigraphy in the Mecca Hills and Coachella Valley, California by Dimitroff, Cassidy W. (Cassidy Wade)
Western Washington University
Western CEDAR
WWU Graduate School Collection WWU Graduate and Undergraduate Scholarship
Fall 2015
Paleomagnetic Determination of Vertical-Axis
Block Rotation and Magnetostratigraphy in the
Mecca Hills and Coachella Valley, California
Cassidy W. (Cassidy Wade) Dimitroff
Western Washington University, cassdim@gmail.com
Follow this and additional works at: https://cedar.wwu.edu/wwuet
Part of the Geology Commons
This Masters Thesis is brought to you for free and open access by the WWU Graduate and Undergraduate Scholarship at Western CEDAR. It has been
accepted for inclusion in WWU Graduate School Collection by an authorized administrator of Western CEDAR. For more information, please contact
westerncedar@wwu.edu.
Recommended Citation
Dimitroff, Cassidy W. (Cassidy Wade), "Paleomagnetic Determination of Vertical-Axis Block Rotation and Magnetostratigraphy in the
Mecca Hills and Coachella Valley, California" (2015). WWU Graduate School Collection. 455.
https://cedar.wwu.edu/wwuet/455
PALEOMAGNETIC DETERMINATION OF VERTICAL-AXIS BLOCK 
ROTATION AND MAGNETOSTRATIGRAPHY IN THE MECCA HILLS AND 






Cassidy Wade Dimitroff 
 
 
Accepted in Partial Completion  
Of the Requirements for the Degree  
























In presenting this thesis in partial fulfillment of the requirements for a master’s 
degree at Western Washington University, I grant to Western Washington University the 
non-exclusive royalty-free right to archive, reproduce, distribute, and display the thesis in 
any and all forms, including electronic format, via any digital library mechanisms maintained 
by WWU.  
 
I represent and warrant this is my original work, and does not infringe or violate any 
rights of others. I warrant that I have obtained written permissions from the owner of any 
third party copyrighted material included in these files.  
 
I acknowledge that I retain ownership rights to the copyright of this work, including 
but not limited to the right to use all or part of this work in future works, such as articles or 
books.  
 
Library users are granted permission for individual, research and non-commercial 
reproduction of this work for educational purposes only. Any further digital posting of this 
document requires specific permission from the author.  
 
Any copying or publication of this thesis for commercial purposes, or for financial 
gain, is not allowed without my written permission.  
 
 
Signature: Cassidy W. Dimitroff    
 





Paleomagnetic Determination of Vertical-Axis Block Rotation and Magnetostratigraphy in the 





The Faculty of 










In Partial Fulfillment  
Of the Requirements for the Degree 


















Our ongoing work on the paleomagnetism and magnetostratigraphy in the Coachella Valley has 
provided an improved understanding of the timing and spatial variations of sediment accumulation and 
deformation during evolution of plate-boundary fault zones. Here, we report updated results from the 
Palm Spring Formation of the Mecca Hills, and new paleomagnetic data from Pleistocene conglomeratic 
sandstone in Desert Hot Springs and the Plio-Pleistocene San Timoteo Formation from Live Oak Canyon.  
From the Mecca Hills, new data were obtained-112 samples from 29 sites. The majority of the 
paleomagnetic results yielded well-defined components of magnetization, which allowed us to identify 
seven well defined polarity zones within the Ocotillo and upper Palm Spring Formation. These polarity 
zones are correlated with the geomagnetic polarity timescale using the Bishop Ash near the top of the 
section as a tie point. This correlation places the Brunhes-Matuyama boundary at or near the base of the 
Ocotillo Formation, with the Jaramillo, Olduvai, and Reunion normal polarity sub-chrons occurring in the 
upper Palm Spring Formation. This indicates that the upper Palm Spring Formation in the Mecca Hills 
was deposited between ca. 2.3 and 0.9 Ma. Tilt corrected mean directions from the Mecca Hills section 
are D = 343, I = 53, α95 =11.3 N = 5 for normal sites, and D = 175, I = -50, α95 = 4.9 N = 24 for reverse 
sites. Normal and reverse sites combined as a single mode have a mean direction of D = 353, I = 51 α95 = 
4.4. These mean directions indicated modest (7 degrees) of CCW rotation with no significant variation in 
amount or sense of rotation observed within the section.  
Specimens from 19 sites (53 samples) of the Pleistocene conglomeritic sandstone from Desert 
Hot Springs have very well-defined paleomagnetic components. Six of the sites have normal polarity, 13 
sites have reverse polarity. Sites with normal polarity have a mean direction of D = 358, I = 45, α95 = 13 
and reverse sites have a mean of D = 182, I = -50, α95 = 6.6.The combined mean direction (in tilt-
corrected coordinates) is D = 0.7, I = 49, α95 = 5.6, supporting 3.1° ± 2.3° of CW rotation at this location 
since ~1 to 1.5 Ma. 
Specimens from 8 sites (35 samples) of the upper-most San Timoteo Formation from Live Oak 
Canyon also have well-defined paleomagnetic components for 6 sites. All of the results have normal 
polarity, and one site has a direction that is >40 degree from the other sites. The mean of the remaining 5 
sites is D = 11, I = 49, k=51, a95=11. 
The new and updated paleomagnetic results from the Coachella Valley collectively indicate that this area 
has experienced modest (in most cases less than 10 degrees) CW or CCW rotation during the past 1-2 Ma. 
The lack of variation in amount or sense of rotation as a function of age suggest that rotation has been 
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Complex geometry of the San Andreas fault exerts a primary control on near-fault 
deformation as previously demonstrated by mechanical modelling and geologic observations. 
Vertical crustal motions have historically been used to characterize deformation in these regions 
but vertical-axis block rotation, due to wrench tectonics (Wilcox, 1973), provides additional 
information about tectonic deformation. 
The Southern California Earthquake Center Community Fault Model (SCEC CFM) 
predicts deformation along the San Andreas fault zone in southern California, which allows for 
investigation of fault rupture and ground shaking related to earthquakes in the region. Fault 
geometry in the current SCEC CFM assumes primarily vertical San Andreas fault segments (e.g. 
Coachella segment) and neglects many secondary fault systems that add to the complexity of the 
fault zone. Revisions to fault geometry are based on several geophysical, GPS, and InSAR 
studies (Lin et al., 2007; Fuis et al., 2012; Bauer et al., 2013; Fuis et al., 2013; Lin, 2013; 
Lindsey and Fialko, 2013) where a dipping fault better matches a variety of geological and 
geophysical data. Fattaruso et al. (2014) have used these different fault geometries to develop an 
updated deformation model that includes a 60˚-70˚ NE dipping Coachella segment of the San 
Andreas fault as well as secondary fault systems in the Indio and Mecca Hills.  
The deformation model of Fattaruso et al. (2014) predicts vertical crustal motions 
including vertical-axis block rotation associated with vertical motion. Paleomagnetic analysis of 
targeted rotation predictions is well suited for testing validity of the deformation model. 
Investigations in this study are focused on comparing rotation of paleomagnetically determined 
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ancient magnetic field directions with model-derived rotation predictions that vary in spatial 
distribution, amount, and sense of vertical-axis rotation. 
1.1 The San Andreas fault 
The San Andreas fault zone has been an actively deforming transform plate margin since 
~ 30 Ma (Atwater, 1970), with Quaternary fault slip-rates of 14 – 22 mm/yr (Behr, 2010). The 
San Andreas fault extends 1,100 kilometers along the western edge of California, from Cape 
Mendocino in the north to the Salton Trough in the south. The Salton Trough (Figure 1) lies 
within a restraining bend of the southern section of the San Andreas fault. Right lateral transform 
movement between the Pacific and North American plates is accommodated by strike-slip 
motion on the San Andreas fault zone, while some motion is expressed by off-fault deformation 
and vertical crustal motion. Understanding vertical motion and block rotation during off-fault 
deformation of transform margins helps determine fault geometry, which is important in the 
estimation of seismic hazards in regions near major faults like the San Andreas. 
 
1.2 Tectonic Model 
 Traditional models for deformation near the San Andreas fault zone operated under the 
long accepted assumption that the southern San Andreas fault is vertical. This widely accepted 
fault geometry may be incorrect based on seismic and other geophysical evidence, and InSAR 
data (Lin et al., 2007; Fuis et al., 2012; Lin, 2013; Lindsey and Fialko, 2013). The direction and 
magnitude of the San Andreas fault dip appears to change from southwest dipping in the 
Transverse Ranges, to vertical near the Mojave Desert, and northeast dipping from San 
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Bernardino to the Salton Sea. This non-vertical dip of the San Andreas fault is suggested to exert 
primary control on the spatial pattern of uplift and rotation in areas of transpressive stress.  
Recognition of variation in San Andreas fault dip has led to several studies to re-evaluate 
existing fault displacement and deformation models (Dair and Cooke, 2009; Fuis et al., 2012; 
Fattaruso et al., 2014). These models produce different patterns of deformation 
(uplift/subsidence, etc.) relative to older models that use a vertical San Andreas fault plane. The 
current deformation model, the Community Fault Model, serves as a resource for ground motion 
predictions and probabilistic seismic hazards assessment (Plesch et al., 2007). Deformation 
models can be tested by comparison with geologic data, which has mostly been done by 
examination of uplift/subsidence patterns, and structures. Vertical axis rotation (spatial 
distribution, amount, and sense of rotation) also serves as a test of the deformation model, which 
is the focus of this thesis. Models with vertical fault geometry predict little rotation, whereas a 
model with dipping faults predicts larger amounts of rotation with high spatial variation (Figure 
2). 
Vertical axis rotations can be tested by gathering rotation data, with good age control, 
from places where sediments and sedimentary rocks younger than 2 Ma are exposed in the 
Coachella Valley. We investigated three locations- Mecca Hills, San Timoteo Formation of Live 
Oak Canyon, and Desert Hot Springs. In these locations we sampled stratigraphic sections, 
combined/re-evaluated existing data, and use paleomagnetic results- and age constraints by 






1.3 Coachella Valley 
The Salton Trough is located within the transitional zone of the San Andreas fault zone, 
where transpressional deformation in California gives way to a transtensional margin in Baja 
California (Figure 1). Reorganization of the stress regime in the Salton Trough (1.4-1.1 Ma), 
from transtension to active compression-wrench deformation, ended basin development and 
caused uplift throughout the region (Dorsey and Umhoefer, 2012). Near-fault uplift and rotation 
result from wrench tectonics and are geologic consequences of deformation associated with fault 
motion. 
To compare with the Fattaruso et al. (2014) deformation models, we focus on several 
locations in the Coachella Valley to test patterns of vertical-axis rotation. These locations include 
the Mecca Hills, Desert Hot Springs, and the San Timoteo Formation in Live Oak Canyon 
(Figure 1).  
As a result of structural reorganization, uplift of a Pliocene-Pleistocene extensional basin 
formed the modern day Mecca Hills (Figure 2). The Mecca Hills were originally mapped by 
Dibblee (1954), with mapping refined through several additional efforts over the last three 
decades (Sylvester and Smith, 1976; Rymer, 1991; Boley, 1994; McNabb, 2013) (Figure 2). The 
lithostratigraphic unit of paleomagnetic interest is the Palm Spring Formation, which was 
deposited between ~2.5 and ~0.78 Ma. The lower unit of the Palm Spring Formation consists of 
primarily medium to coarse-grained poorly consolidated sandstone beds with local conglomerate 
and finer grained, mudstone layers. The contact between the lower unit and the upper Palm 
Spring Formation is an angular unconformity (Rymer, 1991) transitioning to a nearly 
conformable contact through the Painted Canyon (Figure 2) (McNabb, 2013). A highly detailed 
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stratigraphic section, measured through the Palm Spring Formation by McNabb (2013), is the 
basis for a very dense and accurate sampling transect of the Mecca Hills (Figure 4). 
Target lithologies in Desert Hot Springs are the Pleistocene conglomeratic sandstones 
described by Proctor (1968). The weakly bedded sedimentary unit ranges from a coarse, poorly 
consolidated sandstone to a conglomerate with clasts pebble to boulder in size. This unit is 
correlated with the Palm Spring and Ocotillo Formations in the Mecca Hills, and is similar to the 
fine and coarse variants of the Ocotillo Sandstone described by Lutz et al. (2006) in the Borrego 
Badlands. In the Desert Hot Springs area the Plio-Pleistocene sedimentary rocks are underlain by 
older Quaternary sedimentary units, Cretaceous igneous units, and Precambrian and Late 
Paleozoic metamorphic rocks. These rocks are located on the north side of the Mission Creek 
strand of the San Andreas fault, as mapped by Proctor (1968). 
In Live Oak Canyon, we investigated the upper portion of the San Timoteo Formation, 
consisting of fluvial siltstones, silty sandstones, and pebbly conglomeratic sandstones. These 
units were mapped by Matti et al. (1993) and age control is provided by the presence of Plio-
Pleistocene land mammals. The San Timoteo Formation is structurally bound on the southwest 
by the San Jacinto fault zone and on the north by the Banning fault zone. 
1.4 Existing Paleomagnetic Studies  
1.4a Mecca Hills 
 Three previous studies focused on paleomagnetism of sedimentary rocks in the Mecca 
Hills (Figure 3). The first in work by Chang et al. (1987) attempted to determine the age of 
sedimentation in the basin preceding the Mecca Hills. Another objective of that study was to 
assess the vertical axis rotation in the region. Two stratigraphically located sections, in total 
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measuring ~ 500 meters, were sampled to obtain 55 sites with one sample from each site. That 
study found only two normal polarity zones within the Palm Spring Formation. Polarity zones 
are correlated with the Geomagnetic Polarity Time Scale (Gradstein et al., 2004) for age 
determinations. The work by Chang et al. (1987) yielded an age of Palm Spring Formation 
deposition from the base of the Olduvai normal chronozone (1.945 Ma) to the top of the 
Jaramillo normal chronozone (0.998 Ma). Chang et al. (1987) found small but insignificant 
clockwise rotation (4.5° ± 5.1°) in the Mecca Hills. 
 Boley et al. (1994) performed a similar study in the Mecca Hills of three sections of the 
Palm Spring Formation. Two of the sections sampled by Boley et al. (1994) yielded no normal 
polarity sites, while the third yielded both normal and reverse sites but were interpreted to be 
overprinted rather than recording the ancient magnetic field. Magnetostratigraphy confirmed the 
results of Chang et al. (1987), placing deposition of the Palm Spring Formation during the 
reverse polarity Matuyama Chron. That study found rotations of 0° ± 2.4° for their Sheep Hole 
section (near same section of Chang et al., 1987 study) and 18.1° ± 22.8° clockwise for the 
Painted Canyon section (near the section in this study). Boley et al. (1994) also concluded that 
the sampled sites failed the reversal test of McFadden and McElhinny (1990) and that the data 
from the Chang et al. (1987) study failed the fold test of McElhinny (1964) as well. The failure 
of stability tests in these studies indicated that more dense sampling was needed of the Palm 
Spring Formation in the Mecca Hills. 
 A study by Messé (2014) yielded well-defined remanence vectors from a more densely 
sampled section. Magnetostratigraphy further affirmed deposition of Palm Spring Formation 
during the Matuyama Chron but also found the normal polarity Olduvai, Jaramillo and Reunion 
chronozones (Figure 4). The presence of these chronozones allowed for a more accurate 
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determination of sedimentation rate of 0.4 mm/year, similar to that of Chang et al. (1987). Messé 
reported that no significant rotation occurred in the Mecca Hills at the 95% confidence level 
(7.3° ± 8.0°). Though more polarity zones were defined by this study, these zones need tighter 
constraint on chronozone boundaries.  
1.4b San Timoteo Badlands 
 Two paleomagnetic studies have focused on the sedimentary rocks of the San Timoteo 
Badlands located adjacent to the San Jacinto fault zone (Hehn et al., 1996; Albright et al., 1999). 
Both studies investigated the Mount Eden and San Timoteo formations of the San Timoteo 
Badlands. These formations are exposed as approximately 2000 meters of nonmarine siltstone to 
sandstone rocks containing mammal fossils sparingly throughout. The Mt. Eden Formation 
consists of lacustrine siltstones, claystones, and carbonate mudstones, and shales (Hehn et al., 
1996). This formation coarsens upwards into ripple laminated, fine-grained sandstones. The San 
Timoteo Formation consist of fluvial siltstones, silty sandstones, and conglomeratic sandstones. 
 Hehn et al. (1996) found eight polarity zones in the Mt Eden Formation and 13 polarity 
zones in the Jack Rabbit Trail section of the San Timoteo Formation. Since there are no volcanic 
units in the San Timoteo Badlands, these sections were correlated using lithostratigraphy, 
biostratigraphy, and similarities in polarity zones.  
Albright et al. (1999) expanded on the previous work of Hehn et al. (1996) by re-
evaluating the composite section of Jack Rabbit Trail San Timoteo and Mt Eden formations and 
investigated two additional composite sections. This study added more polarity zones to the 
existing composite section and provided magnetostratigraphic information to the upper 
stratigraphy of the San Timoteo Badlands by adding the Riverside-El Casco composite section, 
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with seven polarity zones, and the San Timoteo Canyon-Live Oak Canyon composite section, 
containing four polarity zones. 
Prior paleomagnetic work in the San Timoteo Badlands, Borrego Badlands, and Mecca 
Hills yielded results with significant variation in sense and amount of block rotation. Albright 
(1999) and Hehn et al. (1996) studied the San Timoteo Badlands northwest of the Palm Springs 
and found various amounts of vertical axis block rotation. Hehn et al. (1996) found almost 
negligible rotation for the entire measured sequence but suggested a decoupling of the upper part 
of the section having ~ 20° of apparent counterclockwise rotation. Albright (1999) reexamined 
the section of the San Timoteo Badlands where Hehn et al. (1996) found the counterclockwise 
rotation. Albright (1999) also found counterclockwise rotation whereas models suggest 
clockwise rotation due to the overall right-lateral shear of the region. 
1.4c Desert Hot Springs 
 Desert Hot Springs is located northwest of Palm Springs, buttressed against the Little 
Bernardino Mountains. The Mission Creek strand of the San Andreas fault lies to the south of the 
sedimentary rocks of interest in the study area. The conglomeratic sandstone unit of interest was 
mapped by Proctor (1968) and correlated to the nearby Palm Spring Ocotillo Formation in the 
Indio and Mecca Hills. Catchings el at. (2009) performed seismic investigations of the Mission 
Creek and Banning strands of the San Andreas fault in the vicinity of Desert Hot Springs to 
characterize the fault’s effect on both regional earthquake hazards and local groundwater 
resources. Results of seismic surveys led Catchings et al (2009) to conclude that the Mission 
Creek fault is steeply southwest dipping (80° to 90°) and the Banning fault dips to the northeast 
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(45° to 70°). There is a lack of paleomagnetic data to test the dipping fault interpretations in the 
Desert Hot Springs area. 
 
2 Methods 
2.1 Sample Collection 
 The goal of the first field season was to augment and refine magnetostratigraphy along 
the sedimentary transect of Messé (2014) in the Mecca Hills, measured in detail by McNabb 
(2013). Sampling in the Mecca Hills, the primary thesis site, was also for analyzing vertical axis 
rotation. Specific areas along this transect were targeted to sample estimated contacts of normal 
and reverse chonozones, gaps in the sampling in 2012 and 2013 field seasons, and a few sites 
from 2012 and 2013 Mecca Hills studies that gave inconclusive results. For the second field 
season, two secondary locations were selected based on predictions of significant rotation by the 
deformation model (Fattaruso et al, 2014) (Figure 2) and availability of Plio-Pleistocene 
sedimentary rocks similar in age to Mecca Hills rocks. These are Desert Hot Springs (Catching et 
al., 2009) and Live Oak Canyon near Crafton Hill (Matti et al., 1992) (Figure 4 and 5).  
Sites were located using a handheld GPS. Stratigraphic positioning for the Mecca Hills 
was based on a section measured by McNabb (2013) (Figure 6). Measured stratigraphic sections 
were not available for other sites, so the sample collection was not as structured as in the Mecca 
Hills. Samples were collected from a wide enough area to get a representative sampling for the 
area and from varying positions stratigraphically to account for secular variation. 
Traditional means of collecting cores from the field were not possible in the Mecca Hills 
due to regulations on motorized vehicles and equipment in protected wilderness areas. Therefore 
samples were collected as oriented blocks using hammer and chisel. Three to four samples from 
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each site at all localities were collected to be cored in the lab. We measured strike and dip for 
block sample orientations. 
2.2 Sample Preparation 
 All samples were prepared and measured in the Pacific Northwest Paleomagnetism 
Laboratory at Western Washington University. Methods used to extract specimens or cores from 
block samples required categorization of the blocks based on the level of consolidation of each 
sample. Well consolidated blocks were cored by a non-magnetic, diamond-tipped drill bit, with 
water or air cooling. All cores were drilled perpendicular to the oriented planar surface of the 
block samples. Less consolidated samples were hand-carved to specific dimensions using a non-
magnetic, rotary rock saw. This method caused less vibration and disaggregation of poorly 
consolidated samples. Cores were then trimmed to standard dimensions using the rock saw, 
preserving an unweathered, representative specimen of each sample. All cores were immersed in 
the Cotronics hardening liquid and allowed to dry before data collection to reduce decimation of 
specimen during demagnetization.  
2.3 Data Collection  
2.3.1 ROCK MAGNETISM 
 Magnetic susceptibility and its anisotropy of rocks aid in determining magnetic 
mineralogical differences between specimens as well as identifying magnetic fabrics of 
sedimentary rock for paleoflow and tectonic analysis. Anisotropy of magnetic susceptibility 
(AMS) was measured on the KLY3-S Kappa-Bridge susceptometer, which records change in 
susceptibility as the specimen rotates about 3 orthogonal axes. AMS and bulk susceptibility were 
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measured for approximately 300 specimens. This was also the stage where specimen and site 
orientation files were created for the use of the remainder of the paleomagnetic analysis. 
 The Princeton Series 3900 Vibrating Sample Magnetometer (VSM) was used to assess 
the magnetic mineralogical differences among specimens. Specimen were chosen for VSM 
analysis based on several criteria- differing grain sizes, odd directional behavior during 
demagnetization, and changes in magnetic intensity during demagnetization. The VSM measures 
hysteresis and isothermal remanent magnetization (IRM) in order to determine the magnetic 
domain state and ferromagnetic mineralogy of each specimen. Each specimen was measured 
using 1.5T maximum field, 500 ms averaging time and 20 mT steps. Slopes at 80 percent of the 
maximum field were corrected to zero to remove the effect of diamagnetic and paramagnetic 
materials. Vertical asymmetry was also corrected using VSM Micromag software. Hysteresis 
analysis produces saturation magnetization (Ms), the remanence of saturation (Mrs), and the 
magnetic coercivity (Hc) of a specimen. Back filed demagnetization allowed determination of 
coercivity of remanence Hcr. The measurement of the remanence of a specimen in a strongly 
applied magnetic field followed by removal of the field yielded IRM acquisition curves. IRM 
curves were used to compare the coercivity spectra of magnetic minerals within the specimens. 
2.3.2 DEMAGNETIZATION 
 Natural remanent magnetization (NRM) of specimens was measured using a 2-G 755 DC 
SQuID (super conducting quantum interference device) magnetometer. Specimens were wrapped 
in paper during measurements in order to reduce loss of material from friction. A measurement 
was taken in 8 orientations. A pilot group of specimen selected from sites with an abundance of 
material was demagnetized and tested throughout the process in order to devise demagnetization 
methods with few complications. Bulk magnetic susceptibility was measured using a Bartington 
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MS-2 dual frequency magnetic susceptibility meter after each thermal heat step to track changes 
in magnetism with increasing temperature. Demagnetization of the pilot group allowed for 
development of an ideal thermal heating and alternating field schedule that optimized quantity of 
data, resolution of the magnetization vectors, and time efficiency. 
Demagnetization of specimens was performed incrementally by two methods using step-
heating (thermal demagnetization, TD), or alternating magnetic fields (alternating field 
demagnetization, AF). According the demagnetization results of Messé (2014) on similar rock, 
thermal demagnetization provided more consistent results. Therefore TD was the primary 
method of demagnetization, followed by AF if and when the specimens showed signs of 
expansion from the heat of the oven. Eventual disaggregation of specimens was attributed to clay 
minerals that expanded when oven temperature exceeded 450°C. 
 TD methodology used an ASC-TD48 thermal demagnetizing oven and followed a 
heating schedule of increasing temperature from ~ 20°C (NRM) to ~ 670°C, in approximately 
50°C steps. The AF method used a Dtech D-2000 AF demagnetizer, with an increasing, 
alternating magnetic field schedule from ~ 10 mT to ~ 200 mT in ~30mT steps, or until 
specimens were magnetically dead. After each step of demagnetization for both methods, the 
remanent magnetic moment of the specimen was measured. Specific care had to be taken for AF 
demagnetization steps over 60mT, where the method of Anti-Gyro Remanent Magnetization 
(AGRM) was used. AGRM methods call for measurement of the magnetic remanence after each 
sequential demagnetization along three orthogonal axes (X, Y, and Z) in order to eliminate the 
gyroremanence-bias that the alternating field creates.  
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2.4 Data Processing 
2.4.1 ROCK MAGNETISM ANALYSIS 
Hysteresis parameters for each specimen plotted as ratios on Day et al. (1977) plots, were 
used to assess the domain state of magnetic carriers. Ratios of Hcr/Hc and Mrs/ Ms plot 
logarithmically as single domain, pseudo-single domain, or multi-domain magnetic signatures 
within the Day plot area. Decomposition of IRM curves were analyzed in a specialized Excel 
worksheet (Kruiver et al., 2001), which allow the user to gain insight into the ferromagnetic 
mineralogy of the specimen by fitting multiple component curves to each specimen’s IRM 
acquisition curve. This process helps determine the accuracy of data points plotted on the Day et 
al. (1977) plots where the magnetic components are combined for each specimen.  
2.4.2 PALEOMAGNETISM 
Orthogonal vector projections (Zijderveld, 1967), equal area projections, and principal 
component analysis (PCA) (Kirschvink, 1980) were used to analyze remanent magnetization. 
Remanence directions were recorded at each progressive demagnetization step as vector 
endpoints with a direction and magnitude of the magnetic moment. The moment progressively 
decreases as the specimen reaches complete demagnetization, ideally revealing the highest 
stability component. A linear demagnetization path represents a single component of 
magnetization, while a curvilinear path results from the demagnetization of two components with 
overlapping blocking temperatures (Figure 7). Puffin-Plot (Lurcock and Wilson, 2012) was used 
for principle component analysis (PCA) to estimate the vectors of lines and planes that describe 
magnetic components removed. The goodness of fit of lines or planes determined by PCA is 
measured by the maximum angle of deviation (MAD). Only free line fits were used to eliminate 
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bias of likely high-temperature, hematite remanence. Anchor line fits assume last removed vector 
endpoint is characteristic of detrital remanence, which is not the case in this study. Planes were 
fit if demagnetization paths were curvilinear or did not approach the origin (incomplete 
demagnetization). Since planes are inherently anchored to the origin, vector endpoints deemed 
biased toward hematite noise were excluded in the plane fit. 
 Site mean directions were calculated by the Puffin-Plot software using Fisher statistics 
(Fisher, 1953) and bootstrap statistics (Tauxe, 1991) for sites with enough well defined lines, or 
great circle analyses (McFadden and McElhinny, 1988) for sites that included curvilinear paths 
that could be fit with planes but not lines. Mean directions were plotted on equal area projections 
to characterize the remanent magnetization of each site. This study used site mean direction to 
average specimen directions and correct for noise in the magnetic signature. Fisher (1953) 
statistical parameters α95, an estimate of the semi-angle of the cone of 95% confidence, and κ, a 
measure of the concentration of the distribution about the true mean direction, were used as data 
quality criteria and to determine variation among site mean directions. Site mean directions were 
analyzed in both geographic and stratigraphic coordinate systems. Geographic coordinates 
display the in situ site directions and stratigraphic coordinates show the site directions after data 
are corrected for tilting of the strata. 
 Parametric bootstrap statistics (Tauxe, 1991) were used to evaluate “suite” means or 
mean directions of a given locality. These bootstrap statistics estimate the α95 and κ for the modal 
sets of data. Suite and site mean directions were compared to the current, or recent, geomagnetic 
field direction to determine the amount of rotation that has occurred since the rocks acquired 
primary remanent magnetization. Directions were also compared to the time-averaged, expected 
direction for the field area to test for vertical-axis rotation. Site mean directions were also used to 
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assign site polarities. Normal polarity sites are defined by north and down directions and reverse 
polarity sites by south and up directions. 
2.4.3 STABILITY TESTS 
 Two analytical tests were applied to paleomagnetic data. Tauxe and Watson (1994) 
developed the fold test to determine the timing of remanent magnetization acquisition relative to 
deformation or tilting. If data have greater κ before tilt correction, magnetization post-dates 
tilting, and if κ is greater after tilt correction, magnetization pre-dates tilting. The sampled 
transect through the Mecca Hills was at a low enough tilt angle that the fold test may be 
statistically insignificant, but was still performed. 
 Watson (1983) proposed the reversal test to evaluate whether the normal and reverse 
means were antipodal. Site mean directions pass the reversal test if the polarity group mean 
directions are flipped 180° and the calculation of the concentration of the distribution about the 
true mean direction (κ) is high. The reversal test was performed on the site means using 
bootdi.exe program of Tauxe (1998) with the –r switch engaged, flipping the reverse polarity 
data 180° and produces a statistical analysis of the N+R mode. 
2.4.4 MAGNETOSTRATIGRAPHY 
In order to gain an understanding of the accumulation rate and general age of a 
stratigraphic section, determination of geomagnetic polarity reversals throughout the section was 
essential. Site polarity determinations depend on the quality and directional trend of the 
paleomagnetic data for each site. 
Quality of specimen demagnetization within sites was classified based on the nature of 
the vector projection paths. Class 1 specimens show a well-defined, linear trend towards the 
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origin. Specimens in this classification were most useful for polarity determination and 
directional analysis because these specimens most accurately display remanent magnetization 
that is dominated by likely original remanence. Class 2 specimens have a clear first component 
but disaggregated during heating before reaching full demagnetization. These specimens are used 
in polarity assignment but are not as accurate in directional analysis as Class 1 specimens. Class 
3 specimens are defined by a second component that is not removed so vector end points are 
grouped near the origin on orthogonal plots. These specimens do not give a clear magnetization 
direction but many were used for polarity assignment. Class 4 specimens display “noisy” data or 
have curvilinear demagnetization paths. Some specimens in this class were used for polarity 
determination but are not as informative for directional analysis (Figure 8).  
Specimens that do not fit into these categories were omitted from analysis. Possible 
causes of odd directions and atypical demagnetization behavior include incorrect orientation, 
possible lightning, or just poor magnetic stability. Specimen also were rejected if the cores 
disaggregated before reaching sufficient demagnetization. For the majority of specimen, the 
temperature level of demagnetization required was 480°C, yet a few samples that provided 







3.1 Sample Collection and Preparation 
Two field seasons in the winter of 2014 and 2015 yielded paleomagnetic samples for 3 
locations within the Salton Trough in southern California. In 2014, the Mecca Hills (Figure 2) 
were sampled along the stratigraphic transect measured by McNabb (2013) and previously 
sampled by Messé (2014). Thirty sites were sampled and 29 sites were recovered in the lab, with 
only one site lost in transit- due to the samples disaggregating into their component mineral 
grains. Stratigraphic heights, GPS location, and orientation of sites are in Table 1.  
In 2015 two locations were sampled, Desert Hot Springs and Live Oak Canyon (Figure 
1). The Desert Hot Springs location yielded 25 sites while Live Oak Canyon yielded 9 sites. Site 




 Demagnetization analysis resulted in acceptable remanence directions from line and 
plane fits from 283 specimens, from 55 sites and 3 localities. The Mecca Hills yielded 204 
specimen results from 29 sites, Desert Hot Springs contributed 53 specimen results from 19 sites, 
and Live Oak Canyon added 26 specimen results from six sites. Line and plane fits are in Table 2 
and examples are illustrated in Figure 7. Thirty-eight specimens were omitted from analysis 
based on quality criteria explained in methods, and eight sites omitted for lack of acceptable 
18 
 
specimens. Results with MAD < 15˚ and N ≥4 were used in analysis, however lower MAD 
values and higher N resulted in high quality results. 
Stepwise demagnetization unblocked second- removed components between 
temperatures of 250˚C and 675˚C. First-removed components typically have normal polarity and 
unblock below temperatures of 250˚C. AF procedures were only used after the thermal 
demagnetization steps at which second–removed component had already begun to unblock. 
Therefore the unblocking field strengths for AF demagnetization was not tested, nor necessary 
during this study. Because AF was primarily useful demagnetizing magnetite, high temperature 
hematite remanence remained in the specimens. Specimens that required AF demagnetization 
regularly resulted in Class 3.  
 Site mean directions of second-removed components plotted in two regions on equal area 
projections (Figure 9). Those two regions were deemed normal and reverse polarity antipodes. 
Statistics κ and α95 were compared for geographic (in-situ) and stratigraphic (tilt-corrected) site 
means in order to determine whether the remanence directions of sites were modern overprints or 
true, ancient remanence directions. Mean directions for individual sites are given in Table 3. 
Mean directions for normal and reverse polarity modes are in Table 6. 
3.2.2 ROTATION ANALYSIS 
 Site mean directions in geographic and stratigraphic coordinates are compared to the 
current geomagnetic field and expected time-averaged regional field directions for each locality 
in Table 5. The measured stratigraphic section for the Mecca Hills allowed for further analysis of 
rotation as a function of stratigraphic position and inferred age. Data are averaged in a number of 
combinations in order to properly average for secular variation and have significant N for each 
interval being evaluated. These combinations include: major polarity chrons (Brunhes, R/N 
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Matuyama), age interval (>1.5 Ma, <1.5 Ma), and thickness intervals (0-300 m, >300 m). 
Circular standard deviation (α63) was used to quantify the error on site mean directions to 
alleviate bias between sites with fewer specimen.  Figure 10 illustrates deviation of declination 
from the expected value as a function of height in the stratigraphic column. 
 Suite mean directions of Desert Hot Springs and Live Oak Canyon were only used for 
rotation analysis due to the lack of measured sections and small number of samples. Table 6 
gives suite mean directions compared to current field and expected time-averaged regional 
directions. 
 
3.3 Stability Test 
3.3.1 FOLD TEST 
 The bootstrap fold test (Tauxe and Watson, 1994 using foldtest.exe of Tauxe, 1998) was 
performed on normal and reverse polarity directions along bedding correction axes (local strike 
of bedding). Results of the fold test are shown in Figure 11. The histogram is maximum principal 
eigenvalue versus percent untilting for a set of 500 bootstrapped para-data sets. For the Mecca 
Hills 95% of the results have maxima between 37% and 122% untilting. Therefore this fold test 
rules out acquisition of the second-removed components when the strata were in their present 
position. Because 100% untilting is within this range, directions corrected for tilt are used in 
further analysis. The fold test for Desert Hot Springs suggests the second-removed component 
was not acquired when the rocks were horizontal because the 95% confidence range excludes 
100% unfolding. However, bedding dips in this area are very low and do not have much 
variation, therefore the fold test is inconclusive. The fold test for Live Oak Canyon results with 
95% of the maxima between -60% and 160% untilting with a significant peak near 100% 
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untilting. Therefore, this fold test suggests that remanence was not acquired in the present 
position and tilt-corrected directions are used in further analysis. 
 
3.3.2 REVERSAL TEST 
 Results of the reversal test are given in both geographic and stratigraphic coordinates. 
Mecca Hills data passed the reversal test in both coordinate systems because the X, Y, and Z 
components of normal and reverse polarity directions overlap (Figure 12). Desert Hot Springs 
also passed the reversal test based on the same criteria. This test was not useful in determining if 
the remanence was acquired prior to or after tilting because both coordinate systems passed the 
test. The reversal test was not applicable for Live Oak Canyon data because of the lack of reverse 
polarity remanence. 
3.3.3 TILT TEST 
 In the Mecca Hills, calculated mean inclination in stratigraphic coordinates is also closer 
to the expected Geocentric Axial Dipole field inclination (53˚) at Ni = 52.5˚ and Ri = -50.3˚, 
rather than Ni = 58.1˚ and Ri = -48.4˚for geographic coordinates, further supporting ancient 
remanence acquisition. Desert Hot Springs and Live Oak Canyon data, in stratigraphic 
coordinates, also resulted in mean inclinations more similar to inclination of the expected time-





3.4.1 SITE POLARITIES 
 Polarity was assigned to 29 sites in the Mecca Hills, 19 sites from Desert Hot Springs, 
and 6 sites from Live Oak Canyon. Assignments were based on criteria defined in methods. 
Several sites yielded indeterminate results because of too few specimens in acceptable quality 
categories. Class 1 and 2 data were preferred for polarity assignment but Class 3 and 4 were also 
used because these data yielded clear polarity information. Results of site polarities are given in 
Table 4. Number of specimen in each quality class are also in tables for evaluation of site 
quality.  
 These results were combined with 2012 and 2013 Mecca Hills data (Messé, 2014) 
through the measured stratigraphic section to produce a thorough magnetostratigraphic column 
(Figure 6).  
 3.5 Rock Magnetism 
 Four samples from the Mecca Hills were measured with the vibrating sample 
magnetometer for magnetic mineralogy assessment. Samples were chosen based on grain size to 
determine if the magnetic mineralogy of the Mecca Hills outlined by Messé (2014) varied with 
lithology.  
 Ratios from hysteresis and direct field demagnetization were plotted as points on Day et 
al. (1977) in Figure 13. All samples plot within the range of pseudo-single domain magnetite 
parallel to but offset to the right of the single-domain/multi-domain mixing lines of Dunlop 
(2002). Plots of hysteresis data align in order of increasing sample grain size moving down and 
to the right on the Day Plot.  
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Isothermal remanent magnetization decomposition component analysis yielded similar 
results from each of the four sites. One large component peak dominates the remanence 
acquisition while a second high coercivity component contributes at high fields. Though two 
clear components are present in all samples (Figure 14), tertiary components with very little 
influence may also exist. Tertiary components are excluded from analysis because they are 
insignificant in remanence acquisition and may reflect measurement noise. For all samples 
measured, the strong dominant component peaks between 1 mT and 2.25 mT and the secondary 
component is present in fields from 2.5 mT and higher. Coercivity peaks of the primary IRM 




4.1 Remanence Acquisition  
 It is important to understand how remanence directions used for analysis in this study 
were acquired. Detrital remanent magnetization is ideal for analysis because it would provide 
information of the original magnetic field during rock formation. Bias of directions toward the 
modern magnetic field typically results from viscous re-magnetization or late chemical remanent 
magnetization. Viscous remanent magnetization affects magnetic carriers with low coercivity 
allowing for slight realignment of magnetic moments toward the modern field direction. 
Chemical remanent magnetization is interpreted to be caused by growth of hematite through 
oxidation of other iron-bearing minerals. These normal polarity overprints are more easily 
identified in reverse polarity samples because of differences in direction by 180˚, than in normal 
polarity sites where angular difference is small. Evaluation of timing and methods of remanence 
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acquisition is based on results of reversal tests (Watson, 1983), fold tests (Tauxe and Watson, 
1994), and comparison of mean remanence directions in both geographic and stratigraphic 
coordinates. 
The fold test results of Mecca Hills data indicate that remanence directions do not reflect 
the modern field shown by results in section 3.3.1. Fold test results of Desert Hot Spring data are 
inconclusive for determining remanence acquisition due to the low bedding tilt and lack of 
variation in bedding. Line and plane fits that include overprint bias in normal polarity sites 
potentially may also affect the outcome of fold test results. The fold test for the Live Oak 
Canyon data indicate that acquisition of remanence is ancient based on results in section 3.3.1.  
The presence of normal and reverse polarity zones that pass the reversal test suggest that 
detrital sediments were magnetized during deposition throughout times of dipole reversal. 
Positive reversal tests for Mecca Hills and Desert Hot Springs with overlapping 95% confidence 
bounds for normal (red) and reverse (black) polarity data sets (Figure 12) reinforces detrital 
remanent magnetization by confirming that tilt corrected polarity modes are of the same 
population rather than being in the modern field direction. Because there were only normal 
polarity magnetizations in samples collected in Live Oak Canyon, the reversal test was not 
applicable. 
The presence of polarity zones within the Desert Hot Springs stratigraphy that do not 
correspond to any variations of lithology within the section suggests that it is very unlikely that 
the sediments were remagnetized. The entirely normal polarity data set in Live Oak Canyon 
initially appears to have a modern overprint, but it is similar to the uppermost composite section 
of Albright et al. (1999). It is likely that our sampling in the San Timoteo Formation is within 
this normal polarity section based on stratigraphy and the positive fold test results that imply that 
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remanence dates from the time of deposition. Variation and scatter of remanence directions could 
also be attributed to the relatively recent deformation in the area, some of which could have 
occurred during deposition of sediments. 
4.2 Rotation Analysis 
 Rotation values are evaluated in terms of deviation of second-removed component mean 
directions from the time-averaged expected regional direction. Site mean directions and 
comparison of them to the expected field are given in Table 5 and illustrated in Figure 10. Suite 
mean directions are given in Table 6. The primary target of this study, the Mecca Hills, has been 
examined for block rotation multiple times yielding varied results (Chang et al., 1987; Boley et 
al, 1994; Messé, 2014). Sites from the Mecca Hills section have mean directions of D = 343, 
I = 53, α95 =11.3 N = 5 for normal sites, D = 175, I = -50, α95 = 4.9 N = 24 for reverse sites, and  
normal and reverse sites combined as a single mode have a mean direction of D = 353, I = 51 
α95 = 4.4. This calculation, however, does not account for differential rotation throughout the 
section nor the effect that deviation in inclination from expected values have on declination 
values. If inclination is drastically different from the expected value, there may be inherited 
discrepancies in declination directions. Gentle or steep inclinations may be depositional or these 
sites may have recorded paleosecular variation of the geomagnetic field. 
In attempts to account for variation in rotation throughout the section, several intervals of 
stratigraphy were tested: major polarity chrons, age intervals, and thickness intervals. None of 
the interval combinations provided significant difference in rotation indicating that the Mecca 
Hills section did not experience much variation in rotation throughout deposition. As a whole, 
mean directions in the Mecca Hills indicate a modest 7˚ ± 4.4 ˚ of CCW rotation with no 
significant variation in amount or sense of rotation observed within the section. 
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Desert Hot Springs data yielded a mean direction of D=357.8, I= 45.0, α95=12.7, N=6 for 
normal polarity sites and a mean direction of D=182.2, I=-50.6, α95=6.6, N=13 for reverse 
polarity sites. The combined mean direction, in tilt-corrected coordinates, is D = 0.7, I = 49, α95 
= 5.6 indicating that the sampled section in Desert Hot Springs experienced <1˚ (0.7˚ ± 5.6˚) of 
CW rotation.  
The San Timoteo Formation in Live Oak Canyon resulted in six sites having well defined 
paleomagnetic components. One site however resulted in a remanence direction >40˚ from the 
other site directions and therefore excluded from rotation analysis. The remaining five sites, all 
normal polarity, have a mean direction of D = 11, I = 49, k=51, a95=11, supporting modest    
(11˚ ± 10.7˚) CW rotation. 
4.3 Magnetostratigraphy 
 Addition of polarity data to previous Mecca Hills data (Messé, 2014) provided 
constraints on sediment accumulation rate in the area. The stratigraphic position of the polarity 
reversals are defined by taking the midpoint between section heights of the adjacent reverse and 
normal polarity sites. The Reunion subchron occurs between 267 and 243.5 m in the section. The 
Olduvai subchron occurs between 420 and 364.5 m in the section. The Jaramillo subchron occurs 
between 707.5 and 630.5 m in the section and the base of the Brunhes subchron occurs at 856 m 
in the section. These boundaries between normal and reverse polarity zones allowed an 
accumulation calculation based on stratigraphic thickness of the sediment and the Geomagnetic 
Polarity Time Scale (Gradstein, 2004). Sediment accumulation curve and calculated rates of 
deposition are shown in Figures 15 and 16. Figure 15 illustrates a generalized accumulation 
curve that groups similar rates together, yielding 3 distinct rates. Figure 16 details the rates at 




4.4 Rock Magnetism 
 Characteristics of demagnetizations, hysteresis analysis, and isothermal remanent 
magnetization decomposition are used in the interpretation of magnetic mineralogy of specimens 
in this study. Magnetite and hematite have been found as dominant magnetic carriers in many 
paleomagnetic studies including those performed in the Mecca Hills and various Salton Trough 
locations (Messé, 2014; Hehn et al., 1996; Housen and Dorsey, 2010). Demagnetization trends 
using thermal and alternating field demagnetization indicate that both magnetite and hematite 
and present in all specimens. The majority of remanence is removed by temperatures less than 
580˚C or AF fields of 200 mT, leading to the interpretation that magnetite is the primary 
remanence carrier. Many specimens retain a small fraction of remanence after these 
demagnetization limits are reached indicating that high coercivity and unblocking temperature 
hematite carries the remaining component.  
 Presence of magnetite and hematite in specimens is further supported by the 
decomposition of isothermal remanent magnetization acquisition plots (Figure 16). The strong, 
lower coercivity peak is interpreted as magnetite whereas the weaker, high coercivity peak is 
interpreted as hematite. This is consistent with the interpretation of magnetite being the primary 
remanence carrier, while hematite acts as a secondary carrier of potential late alteration, 





 Through detailed correlation of the magnetostratigraphy with the geomagnetic polarity 
time scale of Gradstein et al. (2004), we were able to gain a better control on the age of the Palm 
Spring Formation in the Mecca Hills. Similar to findings of Messé (2014), deposition of the 
Palm Spring Formation occurred primarily during the Matuyama Reverse Chron (2.581 – 0.781 
Ma) with the Jaramillo, Olduvai, and Réunion normal chrons also being present. With the 
addition of sample sites from this thesis, refinement in stratigraphic location of these normal 
chron boundaries allowed evaluation of sediment accumulation rates throughout the stratigraphic 
section. Additionally, evidence of normal polarity at the top of the section indicates the boundary 
of the Brunhes Normal Chron (0.781 Ma) is within the section. This result was only speculated 
in previous works based on the projection of the Bishop Ash layer (0.76 Ma). 
 Sedimentary units in the Desert Hot Springs locality have been correlated with the Palm 
Spring Formation and Ocotillo Formation in the Indio Hills and Mecca Hills. Because this area 
was not sampled along a measured stratigraphic section as in the Mecca Hills, ages of the 
deposition of the rocks sampled cannot be determined. The presence of normal and reverse 
polarities suggests that these sediments were deposited before and during the Matuyama Reverse 
Chron. Lack of normal polarity at the highest stratigraphic level collected in Desert Hot Springs 
indicates that deposition of the rocks sampled did not extend into the Brunhes Normal Chron so 
likely ceased before 0.781 Ma.  
 Previous studies on the San Timoteo Formation (Albright et al., 1999) provided 
correlation of a Live Oak Canyon section, east of our sample area, with Brunhes Normal Chron 
using magnetostratigraphy and biochronological calibration. Based on the average dip of the San 
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Timoteo Formation and the location of our sample area, samples were likely collected from the 
top of the section of Albright et al. (1999). Therefore the San Timoteo Formation sampled for 
this thesis are younger than 0.781 Ma. This conclusion is reinforced by the normal polarity of all 
samples collected in Live Oak Canyon. 
Patterns of Rotations 
 Testing vertical axis rotation of target localities is performed by comparison of site mean 
directions to the expected time-averaged, regional field directions for each area. Rotation rates 
predicted by models are instantaneous while paleomagnetic-based rotations are integrated over 
time. 
Paleomagnetically determined rotation from Mecca Hills data yielded 7˚ of CCW rotation 
after 1 Ma. Desert Hot Springs data indicate rotation of <1˚ (CW), also in the past ~ one million 
years. The uppermost section of the San Timoteo Formation sampled in Live Oak Canyon 
resulted in 11˚ of CW rotation during the Brunhes Normal Chron (less than 0.781 Ma). 
 The deformation model of Fattaruso et al. (2014) predicts amount and sense of rotation 
for the Coachella Valley to compare to each of these locations. Model predictions in the Mecca 
Hills were of ~4-6 degrees per million year of CCW rotation. In Desert Hot Springs the model 
predicted <1 degree per million years of CW rotation. The deformation model predicted low, 
CW rotation for Live Oak Canyon as well (<1 degree/Ma). 
 In Mecca Hills and Desert Hot Springs areas, model predictions agree well with 
paleomagnetic determinations of rotation in both sense and amount. Other studies (Housen and 
Dorsey, 2010) of the Borrego Badlands, in the southwestern region of the Coachella Valley, also 
agree well with the predictions of the deformation model indicating slight CCW rotation 
northwest of the Inspiration Point fault (Figure 17) and significant CW rotation south of the fault. 
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Live Oak Canyon paleomagnetic data, on the contrary, yielded much higher rotation values than 
the model by nearly 10 degrees/Ma. 
Ages of Rotations 
 In the Mecca Hills there does not appear to be any variation in rotation within the section 
that spans the Palm Spring Formation. This is an indication that rotation did not occur until the 
majority of the section was already deposited. Based on these results and interpretations, rotation 
in the Mecca Hills is likely young (~1 Ma). 
 Similarly, Desert Hot Springs does not exhibit variation in the amount or sense of 
rotation in the suite of samples collected from the area. Therefore, the age of rotation in Desert 
Hot Springs is also around 1 Ma. 
 Based on the age interpretation of the sampled San Timoteo Formation, rotation is likely 
to have occurred during the Brunhes Normal Chron (less than 0.781 Ma). Rotations determined 
by Albright et al. (1999) are from results of older parts of the San Timoteo Formation and likely 
have a longer record of rotation, whereas our results record the uppermost part of the section and 




 Aside from the San Timoteo Formation in Live Oak Canyon, these results provide a 
positive test of rotations derived from the 3-D boundary element models of Fattaruso et al. 
(2014). Some discrepancies between model-predicted and paleomagnetically-determined 
rotations may include an over simplistic model, paleomagnetic results being biased by overprint 
magnetizations, or inaccurate tilt corrections. It is possible that other factors such as secondary 
structures or rheology may influence deformation in this area. Further paleomagnetic tests are 
still necessary to test and refine deformation model predictions. The San Timoteo Formation in 
Live Oak Canyon require further attention because the data set in this study was too small and 
focused on a narrow sample area. Other areas of interest would include areas near the Banning 
fault, a splay of the San Andreas fault. In addition to the Coachella segment, the Banning fault 
has an updated geometry in deformation model and would serve as another strong rotation test. It 
is clear though, that changes in the geometry of faults and addition of secondary structures 
clearly play an important role in the structural development and deformation patterns associated 
with the San Andreas fault zone.   
31 
 
Works Cited  
Albright, L.B., 1999, Magnetostratigraphy and biochronology of the San Timoteo Badlands, southern 
California, with implications for local Pliocene–Pleistocene tectonic and depositional patterns: 
Geological Society of America Bulletin, v. 111, p. 1265–1293, doi: 10.1130/0016-
7606(1999)111<1265:MABOTS>2.3.CO;2. 
 
Anchuela, O., 2012, Vertical axis rotations in fold and thrust belts: Comparison of AMS and 
paleomagnetic data in the Western External Sierras (Southern Pyrenees): Tectonophysics, v. 
532-535, p. 119–133. 
 
Atwater, T., 1970, Implications of Plate Tectonics for the Cenozoic Tectonic Evolution of  
Western North America: Geological Society of America Bulletin, v. 81, p. 3513–3536. 
 
Aubourg, C., Rochette, P., Stéphan, J.-F., Popoff, M., and Chabert-Pelline, C., 1999, The magnetic 
fabric of weakly deformed Late Jurassic shales from the southern subalpines chains (French 
Alps): evidence for SW-directed tectonic transport direction: Tectonophysics, v. 307, p. 15–31. 
 
Behr, W.M., Rood, D.H., Fletcher, K.E., Guzman, N., Finkel , R., Hanks, T.C., Hudnut, K.W., 
Kendrick, K.J., Platt, J.P., Sharp, W.D., Weldon, R.J., and Yule, J.D., 2010, Uncertainties in slip-
rate estimates for the Mission Creek strand of the southern San Andreas fault at Biskra Palms 
Oasis, southern California: Geological Society of America Bulletin, v. 122, p. 1360–1377, doi: 
10 .1130 /B30020 .1 . 
 
Boley, J. L., 1993, Block rotation and magnetostratigraphy along the southern San Andreas fault zone, 
California [MS Thesis]: Eugene, University of Oregon 
 
Boley, J.L., Stimac, J.P., Weldon, R. J., and Rymer, M. J. 1994. Stratigraphy and paleomagnetism of 
the Mecca and Indio Hills, southern California. In: Geological Investigations of an Active 
Margin (edited by McGill, S.F, and Ross, T.M.). Geological Society of America, Cordilleran 
Section Guidebook, 325-344. 
  
Borradaile, G.J., and Henry, B., 1997, Tectonic applications of magnetic susceptibility and its 
anisotropy: Earth-Science Reviews, v. 42, p. 49–93. 
 
Chang, S.-B., Allen, C., and Kirschvink, J., 1987, Magnetic Stratigraphy and a Test for Block 
Rotation of Sedimentary Rocks within the San Andreas Fault Zone, Mecca Hills, Southeastern 
California: Quaternary Research, v. 27, p. 30–40. 
 
Day, R., Fuller, M., and Schmidt, V.A., 1977, Hysteresis properties of titanomagnetites: 
Grain-size and compositional dependence: Physics of the Earth and Planetary Interiors, 
v. 13, p. 260–267. 
 
Dibblee Jr., T.W., 1954, Geology of the Imperial Valley region, California: Geology of  




Dorsey, R.J., and Umhoefer, P.J., 2012, Influence of Sediment Input and Plate-Motion Obliquity on 
Basin Development Along an Active Oblique-Divergent Plate Boundary: Gulf of California and 
Salton Trough: Tectonics of Sedimentary Basins: Recent Advances, p. 209–225. 
 
 Dunlop, D.J., 2002, Theory and application of the Day plot (Mrs/Ms versus Hcr/Hc) 1. 
Theoretical curves and tests using titanomagnetite data: Journal of Geophysical 
Research: Solid Earth, v. 107, p. EPM 4–1–EPM 4–2. 
 
Fattaruso, L.A., Cooke, M.L., and Dorsey, R.J., 2014, Sensitivity of uplift patterns to dip of the San 
Andreas fault in the Coachella Valley, California: Geosphere, v. 10, p. 1235–1246. 
 
Fisher, R., 1953, Dispersion on a Sphere: Proceedings of the Royal Society of London. Series 
A. Mathematical and Physical Sciences, v. 217, p. 295–305. 
 
Fossen, H., and Tikoff, B., 1993, The deformation matrix for simultaneous simple shearing, pure 
shearing and volume change, and its application to transpression-transtension tectonics: Journal 
of Structural Geology, v. 15, p. 413–422. 
 
Fuis, G.S., Scheirer, D.S., Langenheim, V.E., and Kohler, M.D., 2012, A New Perspective on the 
Geometry of the San Andreas Fault in Southern California and Its Relationship to Lithospheric 
Structure: Bulletin of the Seimological Society of America, v. 102, p. 236-251 
 
Hehn, V., MacFadden, B.J., Barry Albright, L., and Woodburne, M.O., 1996, Magnetic polarity 
stratigraphy and possible differential tectonic rotation of the Miocene-Pliocene mammal-bearing 
San Timoteo Badlands, southern California: Earth and planetary science letters, v. 141, p. 35–49. 
 
Housen, B.A., Fattaruso, L.A., McNabb, J.C., Dorsey, R., Messé, G.T., Cooke, M.L., 2013, 
Magnetostatigraphy and Paleomagnetism of the Palm Spring and Mecca Formations, Mecca 
Hills, CA: spatial variation of vertical axis rotation in the Coachella Valley, AGU Abstract and 
Poster 
 
Hrouda, F., 1982, Magnetic anisotropy of rocks and its application in Geology and Geophysics: 
Geophysical Surveys, v. 5, p. 37–82. 
 
 Johnson, N. M., Officer, L. B., Opdyke, D. D., Woodward, G. D., Zeitler, P. K., and Lindsay, 
E. H., 1983, Rates of Cenozoic tectonics in the Vellecito-Fish Creek basin, western 
Imperial Valley, California: Geology, v. 11, p. 664-667. 
 
 Kirschvink, J.L., 1980, The least-squares line and plane and the analysis of paleomagnetic 
data: Geophysical Journal International, v. 62, p. 699–718. 
 
Kruiver, P.P., Dekkers, M.J., and Heslop, D., 2001, Quantification of magnetic coercivity 
components by the analysis of acquisition curves of isothermal remanent magnetization: Earth 




Lurcock, P. C. and G. S. Wilson (2012), PuffinPlot: A versatile, user-friendly program for 
paleomagnetic analysis, Geochemistry, Geophysics, Geosystems, 13, Q06Z45, 
doi:10.1029/2012GC004098. 
 
 McElhinny, M. W., 1964, Statistical significance of the fold test in paleomagnetism:  
Geophysical Journal of the Royal Astronomical Society, v. 8, p. 338-340. 
 
McFadden, P. L., and McElhinny, M. W., 1988, The combined analysis of remagnetization circles 
and direct observations in paleomagnetism: Earth and Planetary Science Letters, v. 87, issues 1-
2. P. 161 – 172. 
 
McFadden, P. L., and McElhinny, M. W., 1990, Classification of the reversal test in 
paleomagnetism: Geophysical Journal International, v. 103, p. 725-729. 
 
McNabb, J. C., 2013, Stratigraphic Record of Pliocene-Pleistocene Basin Evolution along the 
Southern San Andreas Fault, Mecca Hills California [MS Thesis]: Eugene, University 
of Oregon. 
 
Messé, G.T., 2014, Magnetostratigraphy and Block Rotation in the Mecca Hills, CA [MS Thesis]: 
Western Washington University. 
 
Miller, D.D., 1998, Distributed shear, rotation, and partitioned strain along the San Andreas fault, 
central California: Geology, v. 26, p. 867, doi: 10.1130/0091-
7613(1998)026<0867:DSRAPS>2.3.CO;2. 
 
Mount, V.S., and Suppe, J., 1987, State of stress near the San Andreas Fault: Implications for wrench 
tectonics: Geology, v. 15, p. 1143–1146, doi: 10.1130/0091-
7613(1987)15<1143:SOSNTS>2.0.CO;2. 
 
Opdyke, N.D., Lindsey, E.H., Johnson, N.M., and Downs, T., 1977, The paleomagnetism and 
magnetic polarity stratigraphy of the mammal-bearing section of Anzo-Borrego State Park, 
California: Quaternary Research, v. 7, p. 316-329. 
 
Park, M.E., 2013, Depositional processes, paleoflow patterns, and evolution of a Miocene gravelly 
fan-delta system in SE Korea constrained by anisotropy of magnetic susceptibility analysis of 
interbedded mudrocks: Marine and petroleum geology, v. 48, p. 206–223. 
 
Rees, A.I., 1965, The use of anisotropy of magnetic susceptibility in the estimation of sedimentary 
fabric: Sedimentology, v. 4, p. 257–271. 
 
 Rymer, M.J., 1991, The Bishop ash bed in the Mecca Hills, in Geological excursions in  
southern California and Mexico, edited by MJ Walawender and BB Hanan, 
Guidebook, 1991 Annual Meeting, Geological Society of America, San Diego State 
University, California, p. 388–396. 
 
 Seeber, L. and Bogen, N. L., 1985, Block rotations along the southern San Jacinto fault zone:  
34 
 
EOS, Transactions of the American Geophysical Union, v. 66. 
 
Sylvester, A., and Smith, R., 1976, Tectonic transpression and basement controlled deformation 
within the San Andreas Fault zone, Salton Trough, California: American Association of 
Petroleum Geologists Bulletin, v. 60, p. 2081–2102. 
 
Taira, A., 1989, Magnetic Fabric and Depositional Processes: Sedimentary Facies in the Active Plate 
Margin, p. 43–77. 
 
Tarling, D., and Hrouda, F., 1993, Magnetic Anisotropy of Rocks: Springer, 238 p. 
 
 Tauxe, L., Kylstra, N., and Constable, C., 1991, Bootstrap statistics for paleomagnetic data:  
Journal of Geophysical Research: Solid Earth, v. 96, p. 11723–11740. 
 
 Tauxe, L., and Watson, G.S., 1994, The fold test: an eigen analysis approach: Earth and 
Planetary Science Letters, v. 122, no. 3, p. 331–341. 
 
Tauxe, L., 1998, Paleomagnetic Principles and Practices: Kluwer Academic Publishers, 
 
Teyssier, C., and Tikoff, B., 1998, Strike-slip partitioned transpression of the San Andreas Fault 
system: a lithospheric-scale approach: Geological Society, London, Special Publications, v. 135, 
p. 143–158. 
 
Teyssier, C., Tikoff, B., and Markley, M., 1995, Oblique plate motion and continental tectonics: 
Geology, v. 23, p. 447, doi: 10.1130/0091-7613(1995)023<0447:OPMACT>2.3.CO;2. 
 
 Watson, G. S., 1983, Large sample theory of the Langevin distribution: Journal of statistical  
planning and inference, v. 8 issue 3, December, p. 245-256. 
 
Wilcox, R.E., Harding, T. t, and Seely, D.R., 1973, Basic wrench tectonics: American Association of 
Petroleum Geologists Bulletin, v. 57, no. 1, p. 74-96. 
 
Zoback, M.D., Zoback, M.L., Mount, V.S., Suppe, J., Eaton, J.P., Healy, J.H., Oppenheimer, D., 
Reasenberg, P., Jones, L., Raleigh, C.B., Wong, I.G., Scotti, O., and Wentworth, C., 1987, New 
Evidence on the State of Stress of the San Andreas Fault System: Science, v. 238, p. 1105–1111, 
doi: 10.1126/science.238.4830.1105. 
 
 Zijderveld, J. AD (1967) AC demagnetization of rocks: Analysis of results: Methods in  




Table 1: Site Information 
Table 1a‐ Mecca Hills        
Site #  Northings  Eastings * Strat. level (m) Bed Strike **  Bed Dip
MH14‐18  0590180  3723074 891 195  29
MH14‐17  0590227  3723017 868 215  30
MH14‐16  0590246  3722989 844 212  28
MH14‐15  0590702  3722656 724 220  18
MH14‐14  0590997  3722968 701 163  9
MH14‐13  0591194  3722551 626 194  20
MH14‐12  0591307  3722415 602 195  10
MH14‐11  0591368  3722255 574 150  12
MH14‐10  0591492  3722035 533 206  12
MH14‐9  0591848  3721692 451 195  11
MH14‐8  0592105  3721393 388 164  13
MH14‐6  0592248  3721284 356 196  13
MH14‐7  0592310  3721251 351 173  13
MH14‐5  0592387  3721186 342 186  10
MH14‐4  0593175  3720645 275 175  11
MH14‐3  0593192  3720640 260 195  15
MH14‐1  0593389  3720568 238 175  18
MH14‐2  0593434  3720552 227 202  12
MH14‐25  0593461  3720101 197 182  13
MH14‐26  0593582  3720130 174 152  14
MH14‐27  0593981  3719867 156 134  12
MH14‐28  0594019  3719890 146 158  11
MH14‐29  0594171  3719915 122 146  16
MH14‐30  0594260  3719994 92 126  17
MH14‐24  0595045  3719228 66 146  13
MH14‐23  0595073  3719238 59 174  9
MH14‐22  0595130  3719314 42 165  12
MH14‐21  0595205  3719337 28 130  10
MH14‐20  0595349  3719470 15 128  10
MH14‐19  0595365  3719492 1 142  10
 
 
Table 1b‐ Desert Hot Springs        
Site #  Northings Eastings * Bed Strike** Bed Dip 
DHS15‐1  0541848 3762621 162 7 
DHS15‐2  0541958 3762601 345 4 
DHS15‐3  0541970 3762537 256 21 
DHS15‐4  0542127 3762025 330 14 
DHS15‐5  0542052 3761953 333 13 
36 
 
DHS15‐6  0542039 3762656 171 8 
DHS15‐7  0542064 3762747 217 18 
DHS15‐8  054087 3762786 175 14 
DHS15‐9  0542133 3762788 195 18 
DHS15‐10  0542143 3762769 192 7 
DHS15‐11  0542149 3762765 185 12 
DHS15‐12  0542289 3762528 183 5 
DHS15‐13  0542324 3762433 194 10 
DHS15‐14  0540812 3762774 176 14 
DHS15‐15  0540816 3762698 180 12 
DHS15‐16  0540812 3762774 176 14 
DHS15‐17  0540807 3762786 185 12 
DHS15‐18  0542535 3761099 245 10 
DHS15‐19  0542495 3761159 5 6 
DHS15‐20  0542495 3761159 5 6 
DHS15‐21  0542759 3761544 260 15 
DHS15‐22  0542759 3761544 260 15 
DHS15‐23  0542725 3761550 205 12 
DHS15‐24  0542734 3761569 205 12 
DHS15‐25  0542753 3761577 190 7 
 
Table 1c‐ Live Oak Canyon      
Site #  Northings Eastings * Bed Strike** Bed Dip 
LOC15‐1  0488574 3763233 350 14 
LOC15‐2  0488097 3763399 153 13 
LOC15‐3  0488143 3763437 245 13 
LOC15‐4  0488406 3763336 353 30 
LOC15‐5  0488440 3763383 350 27 
LOC15‐6  0489993 3763124 170 10 
LOC15‐7  0489900 3763147 270 7 
LOC15‐8  0489657 3763142 278 8 







Table 2: Specimen Demagnetization 
Table 2a‐ Mecca Hills        
SPECIMEN  DECLINATION  INCLINATION  N  MAD  LINE* or PLANE  Class 1‐4   
MH14‐18          
18‐1a  342.0  48.8  9  7.9  line  1   
18‐1b  358.7  43.9  7  7.2  line  1   
18‐3a  345.8  49.8  6  10.4  line  1   
18‐3b  338.4  48.2  5  11.2  line  1   
MH14‐17                     
17‐1a  54.3  18.1  5  16.2  plane  2  omit
17‐1b  80.9  2.9  5  27.3  plane  2  omit
17‐2a  334.9  69.0  5  11.1  line  4   
17‐2b  358.2  58.1  4  7.4  line  3   
17‐3a  310.7  68.8  7  9.8  line  2   
17‐3b  312.6  66.7  6  19.6  line  2   
17‐4a  252.6  ‐13.2  5  23.6  plane  2  omit
17‐4b  315.9  59.2  7  12.9  line  2   
MH14‐16                     
16‐1a  246.6  ‐13.7  6  7.1  plane  3   
16‐1b  108.9  34.1  4  8.6  plane  3   
16‐2a  160.7  51.0  7  13.8  plane  2   
16‐3a  215.5  50.5  7  12.6  plane  4   
16‐3b  26.8  ‐46.9  5  22.6  plane  2   
16‐4a  280.6  ‐20.2  4  2.3  plane  3   
16‐4b  27.0  ‐49.8  8  3.6  plane  4   
16‐4c  53.3  ‐35.8  6  8.7  plane  4   
16‐4d  224.3  24.3  5  25.7  plane  4   
MH14‐15                     
15‐3a  111.7  14.8  7  11.1  plane  4   
15‐4a  155.1  ‐73.2  4  11.0  line  4   
15‐4b  315.3  ‐38.2  14  9.4  plane  4   
15‐4c  125.6  33.2  12  7.7  plane  3   
15‐4d  257.0  ‐15.0  10  7.1  plane  4   
MH14‐14                     
14‐1a  350.0  57.5  5  12.8  line  4   
14‐2a  348.1  45.6  7  6.4  line  1   
14‐3a  18.4  51.5  8  9.6  line  1   
14‐4a  4.2  40.5  11  7.1  line  1   
MH14‐13                     
13‐1a  87.1  32.7  9  8.6  plane  2  omit
13‐2a  29.7  ‐68.2  8  13.3  plane  2   
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13‐3a  289.8  ‐23.4  11  6.3  plane  4   
13‐3b  119.8  33.6  15  11.4  plane  4   
MH14‐12                     
12‐1a  150.5  ‐57.1  6  7.3  line  2   
12‐2a  156.9  ‐38.5  4  6.1  line  2   
12‐3a  162.3  ‐37.2  5  7.0  line  2   
12‐4a  146.3  ‐36.5  6  2.1  line  1   
MH14‐11                     
11‐1a  53.8  ‐19.0  5  9.1  plane  4  omit
11‐1b  200.0  28.6  5  11.4  plane  4  omit
11‐1c  180.0  26.3  9  3.7  plane  4   
11‐1d  149.4  12.5  6  4.8  plane  4  omit
11‐3a  152.8  21.4  10  9.2  plane  4  omit
11‐3b  190.1  ‐59.7  4  10.8  line  4   
11‐3c  163.3  ‐57.2  4  11.6  line  2   
11‐3d  278.6  ‐40.0  12  30.4  plane  4   
11‐4a  192.9  ‐46.7  7  4.4  line  1   
11‐4b  200.4  ‐51.7  5  3.4  line  1   
11‐4c  201.3  ‐60.9  6  4.5  line  1   
11‐4d  203.3  ‐52.6  5  7.3  line  1   
MH14‐10                     
10‐1a  193.9  ‐72.9  6  6.1  line  4   
10‐1b  92.6  2.1  11  7.3  plane  4   
10‐2a  213.0  41.4  12  33.6  plane  2  omit
10‐3a  356.6  ‐22.4  12  27.4  plane  2   
10‐3b  231.9  ‐12.1  7  26.6  plane  4   
10‐3c  175.7  26.6  10  13.2  plane  4   
10‐3d  231.2  26.0  6  5.1  plane  4   
10‐4a  209.3  ‐50.3  4  9.0  line  4   
10‐4b  178.2  ‐60.2  7  10.9  line  4   
MH14‐9                     
9‐1a  112.5  17.9  13  7.3  plane  2   
9‐2a  327.6  ‐61.8  12  7.7  plane  2   
9‐3a  246.4  ‐53.2  6  6.7  line  4  omit
9‐4a  182.9  ‐59.5  4  13.6  line  3   
MH14‐8                     
8‐1a  180.4  ‐4.6  6  23.2  plane  2  omit
8‐1b  345.0  58.9  7  6.0  line  1   
8‐1c  334.8  52.4  7  6.6  line  1   
8‐1d  339.0  47.7  7  12.3  line  1   
8‐2a  132.2  16.7  4  2.0  plane  2  omit
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8‐2b  289.6  46.2  7  3.5  line  2   
8‐4a  183.4  25.7  6  7.7  plane  2   
8‐4b  250.9  ‐13.9  8  5.3  plane  4   
8‐4c  354.9  ‐37.8  8  13.3  plane  2   
8‐4d  225.1  19.2  7  20.1  plane  2   
MH14‐6                     
6‐2a  252.6  4.2  5  28.4  plane  3  omit
6‐3a  294.8  ‐40.9  9  2.1  plane  3   
6‐4a  60.1  ‐16.0  6  10.6  plane  2   
6‐4b  81.0  7.5  6  14.8  plane  2   
6‐4c  224.2  27.5  5  2.5  plane  2   
6‐4d  91.8  28.4  7  8.0  plane  2   
MH14‐5                     
5‐1a  128.9  24.9  4  11.6  plane  2   
5‐3a  117.5  ‐32.5  9  13.6  plane  2   
5‐3b  103.9  ‐32.2  9  7.1  plane  2   
5‐3c  186.7  26.4  5  22.6  plane  2   
5‐3d  118.0  ‐20.6  8  10.9  plane  2   
5‐4a  126.0  34.2  11  11.0  plane  4   
5‐4b  170.3  ‐47.5  6  13.2  line  4   
MH14‐4                     
4‐1a  25.0  ‐57.2  18  8.6  plane  3  omit
4‐1b  154.6  ‐54.2  4  11.3  line  3   
4‐1c  21.8  ‐31.5  9  3.7  plane  3   
4‐2a  195.0  ‐57.7  4  8.7  line  4   
4‐2b  187.8  ‐54.2  5  13.7  line  4   
4‐2c  177.5  ‐73.5  4  11.4  line  4   
4‐2d  146.0  45.4  9  12.6  plane  2   
4‐3a  185.7  ‐38.1  4  13.3  line  4   
4‐3b  231.3  ‐36.3  4  13.2  line  4   
4‐3c  194.4  28.5  11  8.1  plane  2   
MH14‐3                     
3‐3a  350.2  49.4  7  2.3  line  1   
3‐3b  344.0  34.9  6  5.0  line  1   
3‐3c  345.5  46.1  5  3.6  line  1   
MH14‐1                     
1‐1a  142.4  33.6  8  4.1  plane  2   
1‐1b  161.3  40.9  5  2.7  plane  2   
1‐1bb  161.7  48.0  8  4.3  plane  2   
1‐1c  145.6  31.3  7  2.7  plane  2   
1‐1cb  161.9  39.2  10  4.7  plane  2   
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1‐1d  336.7  ‐36.2  6  2.3  plane  2   
1‐2a  132.9  26.7  8  2.6  plane  2   
1‐2b  150.3  39.0  4  13.3  plane  2  omit
1‐2c  303.0  ‐32.2  8  1.8  plane  2   
1‐2d  104.9  27.1  6  4.4  plane  2   
1‐3a  329.7  ‐17.7  9  22.8  plane  2  omit
1‐3b  298.2  ‐18.2  6  2.0  plane  2  omit
1‐3c  152.4  28.5  5  19.1  plane  2  omit
1‐3d  169.8  27.8  7  40.1  plane  2  omit
1‐4a  173.3  41.4  3  28.2  plane  2  omit
1‐4b  341.9  ‐37.9  7  5.2  plane  2   
1‐4c  179.8  30.4  7  9.9  plane  2   
MH14‐2                     
2‐1a  184.7  29.4  6  6.4  plane  4   
2‐1b  113.4  20.4  5  26.3  plane  3  omit
2‐1c  161.7  ‐46.3  4  8.7  line  4   
2‐1d  150.1  25.4  6  6.1  plane  3   
2‐3a  271.8  0.5  6  7.9  plane  2   
2‐3b  181.7  35.8  6  2.8  plane  4   
2‐4a  327.1  ‐42.1  7  9.8  plane  2   
2‐4b  286.2  ‐24.3  8  6.8  plane  2   
MH14‐25                     
25‐1a  173.9  ‐33.4  7  9.9  line  1   
25‐2a  182.2  ‐65.8  6  6.3  line  2   
25‐2b  185.3  ‐24.6  4  4.8  line  4   
25‐2c  186.0  ‐27.1  6  13.8  line  4   
25‐3a  177.5  ‐55.8  5  9.5  line  1   
25‐4a  191.9  ‐69.8  4  11.1  line  4   
MH14‐26                     
26‐1a  210.1  ‐51.0  5  6.2  line  1   
26‐4a  187.5  ‐42.4  7  10.1  line  1   
MH14‐27                     
27‐1a  346.4  ‐27.7  10  8.5  plane  2   
27‐1b  166.3  ‐63.3  6  6.4  line  1   
27‐1c  165.3  ‐61.4  5  11.0  line  2   
27‐1d  184.0  ‐60.8  4  9.4  line  2   
27‐3a  141.0  ‐56.2  6  11.5  line  2   
27‐3b  166.4  ‐51.2  5  9.6  line  2   
27‐4a  182.9  ‐20.3  5  9.3  line  2   
MH14‐28                     
28‐1a  122.7  ‐68.7  7  10.5  line  4   
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28‐1b  155.0  ‐44.8  8  15.8  line  4   
28‐1c  244.5  10.2  8  2.6  plane  2   
28‐2a  177.0  ‐52.0  7  7.7  line  1   
28‐2b  171.4  57.9  12  6.4  line  1   
28‐2c  159.1  ‐46.4  4  6.2  line  2   
28‐3a  185.7  ‐57.3  4  21.1  line  1   
28‐3b  173.0  ‐65.7  4  10.5  line  1   
28‐4a  172.3  ‐66.9  4  11.6  line  2   
28‐4b  163.9  ‐48.0  5  11.7  line  2   
28‐4c  171.9  ‐58.3  5  5.2  line  2   
28‐4d  174.4  ‐56.8  4  13.2  line  2   
MH14‐29                     
29‐1a  167.3  ‐42.0  7  9.0  line  1   
29‐2a  142.5  60.6  10  10.5  plane  4  omit
29‐4a  172.3  ‐54.2  9  7.5  line  1   
29‐4b  170.6  ‐47.0  6  11.4  line  1   
MH14‐30                     
30‐1a  174.6  ‐31.9  4  12.1  line  4   
30‐2a  165.3  ‐53.7  7  6.8  line  1   
30‐3a  160.7  ‐43.4  5  8.8  line  4   
30‐3c  227.9  ‐56.7  9  13.6  line  4   
30‐4a  196.0  ‐58.8  4  10.4  line  4   
MH14‐24                     
24‐1a  162.0  ‐43.9  4  12.7  line  2   
24‐1b  195.1  ‐57.2  10  6.9  line  1   
24‐1c  195.4  ‐57.5  9  10.7  line  1   
24‐1d  187.3  ‐58.6  11  9.1  line  1   
24‐2a  189.7  ‐59.6  10  10.5  line  1   
24‐2b  165.2  ‐56.1  4  12.2  line  2   
24‐2c  164.8  ‐45.1  9  18.0  line  1   
24‐2d  167.2  ‐65.4  7  15.6  line  1   
24‐3a  173.2  ‐56.6  6  8.5  line  1   
24‐3b  171.7  ‐56.8  7  6.0  line  1   
24‐3c  158.6  ‐62.3  6  6.4  line  1   
24‐3d  174.9  ‐55.3  5  8.0  line  1   
24‐4a  165.9  ‐48.2  12  6.6  line  1   
24‐4b  169.1  ‐39.9  12  11.9  line  1   
24‐4c  163.5  ‐51.0  10  6.7  line  1   
24‐4d  169.3  ‐40.7  10  10.1  line  1   
MH14‐23                     
23‐1a  171.1  ‐47.1  9  6.3  line  1   
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23‐1b  174.1  ‐54.0  6  10.6  line  1   
23‐1c  170.4  ‐51.5  10  9.1  line  1   
23‐2a  162.4  ‐51.1  11  8.5  line  1   
23‐2b  158.8  ‐42.0  4  6.1  line  2   
23‐2c  172.0  ‐50.5  7  7.0  line  1   
23‐2d  167.0  ‐45.3  10  6.4  line  1   
23‐3a  191.9  ‐56.7  9  8.7  line  1   
23‐3b  182.5  ‐51.4  4  9.4  line  2   
23‐3c  180.8  ‐56.1  5  9.2  line  2   
23‐3d  183.9  ‐40.1  4  8.4  line  2   
23‐4a  142.6  ‐24.1  6  9.0  line  2   
MH14‐22                     
22‐1a  153.3  ‐35.5  4  10.6  line  4   
22‐1b  181.0  ‐59.4  4  13.6  line  2   
22‐1c  107.9  1.9  10  9.0  plane  2   
22‐2a  187.1  ‐63.3  8  7.5  line  1   
22‐2b  169.9  ‐56.7  8  6.0  line  1   
22‐2c  150.4  ‐59.2  5  10.5  line  1   
22‐3a  159.9  ‐59.0  7  5.8  line  1   
22‐3b  180.1  ‐51.7  6  12.6  line  1   
22‐4a  197.3  33.3  9  5.6  plane  2   
22‐4b  205.1  32.1  9  6.9  plane  2   
22‐4c  13.1  ‐36.4  9  4.6  plane  2   
22‐4d  153.7  ‐25.3  9  8.3  line  1   
MH14‐21                     
21‐1a  167.1  ‐63.0  5  16.9  line  4   
21‐1b  197.7  ‐56.4  5  10.7  line  1   
21‐1c  164.9  ‐56.8  5  12.7  line  4   
21‐2a  171.3  ‐49.6  6  6.2  line  1   
21‐2b  163.8  ‐51.8  5  20.2  line  1   
21‐3a  137.1  ‐53.1  9  8.7  line  4   
MH14‐20                     
20‐2a  181.7  ‐60.0 7 6.0 line  1   
20‐3a  167.0  ‐68.5 10 5.4 line  1   
20‐3b  160.1  ‐49.4 7 9.5 line  1   
20‐3c  167.9  ‐44.6 8 7.3 line  1   
20‐4a  182.0  ‐66.7 7 7.5 line  1   
20‐4b  172.1  ‐46.1 6 11.6 line  1   
20‐4c  178.9  ‐57.8 10 8.0 line  1   
MH14‐19                     
19‐1a  194.0  ‐38.8  4  5.5  line  1   
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19‐1b  221.1  ‐45.0  8  14.8  line  4   
19‐1c  173.7  ‐55.0  6  10.8  line  4   
19‐1d  221.6  ‐58.0  5  13.2  line  4   
19‐3a  168.7  ‐54.7  6  11.3  line  4   
19‐3b  197.6  ‐45.9  5  7.1  line  4   
19‐3c  153.5  ‐45.3  6  10.1  line  4   
        
* All lines are free line fits.         
        
Table 2b‐ Desert Hot Springs        
SPECIMEN  DECLINATION  INCLINATION  N  MAD  LINE* or PLANE  Class 1‐4 
DHS15‐1         
1‐1a  178.0  28.9  7  4.3  plane  2 
1‐1b  46.2  ‐23.2  7  5.3  plane  2 
1‐1c  223.1  14.7  6  6.9  plane  2 
1‐1d  270.2  ‐3.1  9  4.9  plane  2 
DHS15‐2         
2‐1a  181.0  ‐42.7  5  16.1  line  3  omit 
DHS15‐3         
3‐1a  175.6  75.6  7  2.4  plane  3  omit 
DHS15‐4         
4‐1a  330.8  ‐31.3  11  14.3  plane  3 
4‐1b  267.6  37.1  10  4.7  plane  3 
DHS15‐5         
5‐1a  181.3  ‐43.9  4  7.7  line  1 
5‐1b  11.4  ‐50.9  10  9.0  plane  2 
DHS15‐6                   
6‐1a  0.5  24.2  5  9.2  line  1  omit 
DHS15‐7                   
7‐1a  189.5  ‐56.2  6  6.0  line  1 
7‐1b  175.3  ‐53.5  8  9.1  line  1 
7‐1c  170.9  ‐44.5  5  7.4  line  1 
DHS15‐8                   
8‐1a  279.3  ‐16.0  6  7.5  plane  2 
8‐1b  162.8  33.3  8  8.3  plane  2 
8‐1c  295.3  ‐29.4  7  7.2  plane  2 
8‐1d  182.0  32.2  9  4.1  plane  2 
DHS15‐9                   
9‐1a  164.3  ‐51.1  8  6.8  line  1 
9‐1b  173.3  ‐45.1  7  7.0  line  1 
9‐1c  191.6  ‐44.8  8  6.1  line  1 
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9‐1d  178.8  ‐49.8  8  3.8  line  1 
DHS15‐10                   
10‐1a  9.3  48.9  9  5.7  line  1 
10‐1b  354.7  47.1  11  7.4  line  2 
10‐1c  350.6  43.3  10  6.0  line  1 
DHS15‐11                   
11‐1a  189.1  ‐31.9  7  11.7  line  2 
11‐1b  319.4  ‐31.2  5  1.5  plane  2 
DHS15‐12                   
12‐1a  181.5  ‐41.6  8  4.3  line  1 
12‐1b  181.3  ‐52.6  5  8.5  line  1 
12‐1c  192.8  ‐48.4  4  6.3  line  1 
DHS15‐13                   
13‐1a  257.5  6.3  9  17.2  plane  2 
13‐1b  134.3  27.1  11  8.0  plane  2 
13‐1c  120.6  26.8  9  4.5  plane  2 
13‐1d  314.1  ‐35.9  7  5.1  plane  2 
DHS15‐14                   
14‐1a  78.4  8.3  5  9.2  plane  2 
14‐1b  221.0  18.9  6  11.8  plane  2 
14‐1c  174.3  ‐60.6  5  14.7  line  2 
14‐1d  260.7  ‐24.8  7  14.0  plane  2  omit 
DHS15‐15                   
15‐1a  32.6  ‐26.9  6  20.1  plane  2  omit 
15‐1b  337.7  ‐30.9  8  11.2  plane  2  omit 
15‐1c  129.3  24.3  8  30.0  plane  2  omit 
DHS15‐16                   
16‐1a  342.6  53.4  7  8.6  line  2 
16‐1b  323.7  58.0  7  7.7  line  2 
DHS15‐17                   
17‐1a  346.0  48.0  6  8.2  line  2 
17‐1b  8.6  38.4  6  8.2  line  2 
DHS15‐18                  
18‐1a  358.8  18.7  5  13.9  line  2 
18‐1b  331.2  28.2  6  11.5  line  3 
18‐1c  10.3  39.9  4  13.0  line  3 
DHS15‐19                  
19‐1a  3.7  35.6  7  11.2  line  2 
19‐1b  109.8  ‐22.3  6  12.6  plane  2 
DHS15‐20                   
20‐1a  356.9  44.2 7 10.9 line  3 
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20‐1b  359.3  69.0 5 10.2 line  2 
DHS15‐21                   
21‐1a  192.4  ‐48.2  6  4.0  line  1 
21‐1b  183.5  ‐47.8  8  5.3  line  1 
DHS15‐22                   
22‐1a  174.4  ‐41.9  8  8.4  line  1  omit 
DHS15‐23                   
23‐1a  157.6  ‐48.4  5  7.3  line  1 
23‐1b  161.9  ‐60.1  5  21.7  line  2 
23‐1c  91.2  ‐13.7  9  29.5  plane  2  omit 
23‐1d  125.2  17.2  3  4.3  plane  2  omit 
DHS15‐24                  
24‐1a  177.8  ‐52.9  7  13.6  line  1  omit 
24‐1b  255.0  ‐0.9  11  11.4  plane  2  omit 
DHS15‐25                   
25‐1a  173.3  ‐56.7  7  6.3  line  1 
25‐1b  215.9  ‐38.6  4  12.8  line  2 
25‐1c  183.4  ‐73.3  4  8.9  line  2 
25‐1d  207.3  ‐40.9  6  9.4  line  1 
 
Table 2c‐ Live Oak Canyon        
SPECIMEN  DECLINATION  INCLINATION  N  MAD  LINE* or PLANE  Class 1‐4   
LOC15‐1          
1‐1a                    omit 
1‐1b                    omit 
1‐2a  351.4  48.4  7.0  4.2  line  1   
1‐3a  14.6  47.5  7.0  3.2  line  1   
1‐3b  11.1  46.8  7.0  6.3  line  1   
1‐3c  343.9  38.5  6.0  11.0  line  1   
1‐3d  340.9  47.4  7.0  10.2  line  2   
1‐4a  10.2  57.8  8.0  6.7  line  1   
1‐4b  349.4  57.4  6.0  6.3  line  1   
LOC15‐2          
2‐2a  297.8  26.0  6.0  2.8  line  1   
2‐3a  332.8  6.9  7.0  2.3  line  1   
2‐3b  351.1  6.9  7.0  3.0  line  1   
2‐3c  311.3  6.6  4.0  3.4  line  1   
2‐3d  300.7  13.3  9.0  2.9  line  1   
2‐4a  293.0  7.7  7.0  2.4  line  1   
2‐4b  301.6  8.0  6.0  3.1  line  1   







2‐4d  298.1  8.8  6.0  2.1  line  1   
LOC15‐3          
3‐1a  35.7  50.3  10.0  7.2  line  3   
3‐2a  21.7  58.6  9.0  12.4  line  3   
3‐2b  344.5  53.2  8.0  12.2  line  3   
LOC15‐4          
4‐1a  30.0  41.6  8.0  4.0  line  1   
4‐1b  10.5  45.2  9.0  4.5  line  1   
4‐2a  28.4  47.0  8.0  4.7  line  1   
LOC15‐5          
5‐1a  29.1  36.0  10.0  10.6  line  1   
5‐1b  26.9  40.0  9.0  5.9  line  1   
5‐2a  2.7  49.2  8.0  6.2  line  1   
5‐2b  28.2  33.6  8.0  3.9  line  1   
LOC15‐6                    
6‐2a  348.5  63.4  12.0  5.5  line  1  omit 
LOC15‐8                    
8‐1a  2.0  53.3  9.0  3.8  line  1   
8‐1b  353.9  54.7  8.0  6.0  line  1   
8‐1c  345.9  15.2  5.0  4.6  line  1   
8‐1d  345.3  48.6  8.0  4.0  line  1   
8‐2a  344.9  37.8  7.0  4.9  line  1   
8‐3a  2.1  38.8  9.0  3.9  line  1   
8‐3b  356.6  50.3  8.0  5.8  line  1   
8‐4a  351.8  73.0  7.0  4.6  line  1   
8‐4b  1.9  60.0  7.0  9.8  line  1   
LOC15‐9                    
9‐2a  351.8  41.8  10.0  7.7  line  1  omit 
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Table 3: Site Mean Directions 
Table 3a- Mecca 
Hills 
In Situ Tilt corrected    
























868 73.1 78.3 327.7 65.6 5 0 9.9 60.4 5 
MH14
-16 
844 186.1 -52.7 163.9 -35.3 0 9 8.1 52.6 9 
MH14
-15 
724 170.4 -78.2 146.4 -62.0 1 4 16.4 34.5 5 
MH14
-14 
701 9.6 46.0 0.4 49.4 4 0 13.4 48.4 4 
MH14
-13 





602 162.5 -48.4 154.3 -42.5 4 0 12.8 52.3 4 
MH14
-11 
574 196.3 -47.1 185.0 -54.9 6 2 11.4 25.5 8 
MH14
-10 
533 209.8 -67.4 182.4 -65.3 3 5 12.7 22.3 8 
MH14
-9 
451 190.1 -45.5 179.4 -43.5 1 2 66.6 10.8 3 
MH14
-8 
388 345.0 54.6 327.4 52.8 4 4 10.1 33.7 8 
MH14
-6 





342 215.8 -36.4 208.6 -40.8 1 6 23.7 9.1 7 
MH14
-4 
275 202.3 -50.4 188.9 -54.3 6 3 13.1 17.0 9 
MH14
-3 










227 184.2 -58.8 168.0 -53.5 1 6 9.2 58.0 7 
MH14
-25 
197 195.5 -44.6 182.3 -46.2 6 0 17.5 15.7 6 
MH14
-26 
174 206.0 -36.5 197.9 -47.2 2 0 39.4 42.3 2 
MH14
-27 
156 180.4 -46.8 169.3 -54.7 6 1 13.9 20.1 7 
MH14
-28 
146 182.7 -54.1 167.1 -57.4 11 1 6.1 52.5 12 
MH14
-29 





92 189.9 -36.6 181.6 -51.3 5 0 19.6 16.3 5 
MH14
-24 
66 185.8 -46.7 172.6 -53.9 16 0 4.7 62.5 16 
MH14
-23 
59 180.3 -48.1 170.2 -48.3 12 0 7.0 39.8 12 
MH14
-22 
42 183.2 -50.5 168.2 -52.8 8 4 8.4 28.3 12 
MH14
-21 
28 173.9 -46.8 164.7 -53.2 6 0 13.6 25.1 6 
MH14
-20 
15 180.8 -48.9 172.0 -56.4 7 0 8.0 57.5 7 
MH14
-19 
1 196.8 -43.6 190.0 -51.5 7 0 13.7 20.5 7 





Springs  In Situ  Tilt corrected      
Site #  Mean Declination  Mean Inclination  Mean Declination  Mean Inclination  # Lines  # Planes  alpha 95  K  N   
DHS15‐1  185.8  ‐59.2  174.1  ‐61.3  0  4  13.9  162.9  4   
DHS15‐2  ~  ~  ~  ~  ~  ~  ~  ~  ~  omitted 
DHS15‐3  ~  ~  ~  ~  ~  ~  ~  ~  ~  omitted 
DHS15‐4  206.2  ‐49.6  213.0  ‐37.5  0  2        2   
DHS15‐5  170.2  ‐46.4  181.7  ‐41.3  1  1  54.4  239.3  2   
DHS15‐6  ~  ~  ~  ~  ~  ~  ~  ~  ~  omitted 
DHS15‐7  201.8  ‐60.1  177.9  ‐51.6  3  0  13.1  89.9  3   
DHS15‐8  180.7  ‐56.8  159.6  ‐55.6  0  4  8.6  419.5  4   
DHS15‐9  198.4  ‐50.4  177.4  ‐48.1  4  0  9.5  94.8  4   
DHS15‐10  5.4  48.0  357.9  46.7  3  0  11.1  123.8  3   
DHS15‐11  201.8  ‐33.4  193.7  ‐36.1  1  1  162.3  51.3  2   
DHS15‐12  190.6  ‐47.3  185.2  ‐47.7  3  0  10.8  131.8  3   
DHS15‐13  187.4  ‐52.6  175.1  ‐50.4  0  4  12.7  195.9  4   
DHS15‐14  189.0  ‐59.5  164.8  ‐59.7  1  2  18.5  123.6  3   
DHS15‐15  ~  ~  ~  ~  ~  ~  ~  ~  ~  omitted 
DHS15‐16  355.4  58.9  333.7  56.0  2  0  25.4  98.5  2   
DHS15‐17  9.8  44.0  358.2  43.7  2  0  42.7  36.4  2   
DHS15‐18  355.2  39.4  352.9  29.9  3  0  31.8  16.1  3   
DHS15‐19  14.8  33.6  18.6  32.4  1  1  NaN  10.2  2   
DHS15‐20  349.0  55.4  357.7  56.6  2  0  56.9  21.4  2   
DHS15‐21  196.0  ‐62.0  188.0  ‐48.1  2  0  13.0  370.3  2   
DHS15‐22  ~  ~  ~  ~  ~  ~  ~  ~  ~  omitted 
DHS15‐23  174.7  ‐61.7  159.5  ‐54.3  2  0  26.2  93.1  2   
DHS15‐24  ~  ~  ~  ~  ~  ~  ~  ~  ~  omitted 














Canyon  In Situ  Tilt corrected      
Site #  Mean Declination  Mean Inclination  Mean Declination  Mean Inclination  # Lines  # Planes  alpha 95  K  N   
LOC15‐1  340.2  49.5  356.9  49.9  7  0  8.6  50.3  7   
LOC15‐2  312.6  16.6  309.5  11.7  9  0  13.0  16.6  9  omitted  
LOC15‐3  31.6  64.9  14.4  56.1  3  0  25.0  25.4  3   
LOC15‐4  348.7  52.1  23.1  45.0  3  0  12.5  98.8  3   
LOC15‐5  356.7  49.7  22.8  40.2  4  0  13.1  49.9  4   
LOC15‐6  ~  ~  ~  ~  ~  ~  ~  ~  ~  omitted 
LOC15‐8  350.3  56.0  353.2  48.3  9  0  10.9  23.1  9   









(°)  Inc. (°)  Meters above base Site Polarity Class 1 Class 2  Class 3 Class 4
MH14‐18  346.5  48.0  891 N 4 0  0 0
MH14‐17  327.7  65.6  868 N 0 5  2 1
MH14‐16  163.9  ‐35.3  844 R 0 2  3 4
MH14‐15  146.4  ‐62.0  724 R 0 0  1 4
MH14‐14  0.4  49.4  701 N 3 0  0 1
MH14‐13  192.1  ‐21.4  626 R 3 0  0 2
MH14‐12  154.3  ‐42.5  602 R 1 3  0 0
MH14‐11  185.0  ‐54.9  574 R 4 1  0 5
MH14‐10  182.4  ‐65.3  533 R 0 1  0 7
MH14‐9  179.4  ‐43.5  451 R 0 1  2 0
MH14‐8  327.4  52.8  388 N 3 4  0 1
MH14‐6  161.5  ‐38.0  356 N 0 4  1 0
MH14‐5  208.6  ‐40.8  342 R 0 4  0 2
MH14‐4  188.9  ‐54.3  275 R 0 2  2 5
MH14‐3  346.4  43.5  260 N 3 0  0 0
MH14‐1  162.1  ‐52.5  238 R 0 11  0 0
MH14‐2  168.0  ‐53.5  227 R 0 5  3 0
MH14‐25  182.3  ‐46.2  197 R 2 1  0 3
MH14‐26  197.9  ‐47.2  174 R 2 0  0 0
MH14‐27  169.3  ‐54.7  156 R 1 6  0 0
MH14‐28  167.1  ‐57.4  146 R 4 6  0 2
MH14‐29  169.8  ‐47.8  122 R 3 0  0 0
MH14‐30  181.6  ‐51.3  92 R 1 0  0 4
MH14‐24  172.6  ‐53.9  66 R 14 2  0 0
MH14‐23  170.2  ‐48.3  59 R 7 4  0 0
MH14‐22  168.2  ‐52.8  42 R 6 5  0 1
MH14‐21  164.7  ‐53.2  28 R 3 0  0 3
MH14‐20  172.0  ‐56.4  15 R 7 0  0 0










Site  Dec. (°)  Inc. (°)  Site Polarity Class 1 Class 2 Class 3  Class 4
DHS‐1  174.1  ‐61.3  R 0 4 0  0
DHS‐2  ~  ~  ~ ~ ~ ~  ~
DHS‐3  ~  ~  ~ ~ ~ ~  ~
DHS‐4  213.0  ‐37.5  R 0 0 2  0
DHS‐5  181.7  ‐41.3  R 1 1 0  0
DHS‐6  ~  ~  ~ ~ ~ ~  ~
DHS‐7  177.9  ‐51.6  R 3 0 0  0
DHS‐8  159.6  ‐55.6  R 0 4 0  0
DHS‐9  177.4  ‐48.1  R 4 0 0  0
DHS‐10  357.9  46.7  N 2 1 0  0
DHS‐11  193.7  ‐36.1  R 0 1 0  1
DHS‐12  185.2  ‐47.7  R 3 0 0  0
DHS‐13  175.1  ‐50.4  R 0 4 0  0
DHS‐14  164.8  ‐59.7  R 0 3 0  0
DHS‐15  ~  ~  ~ ~ ~ ~  ~
DHS‐16  333.7  56.0  N 0 2 0  0
DHS‐17  358.2  43.7  N 0 2 0  0
DHS‐18  352.9  29.9  N 0 1 2  0
DHS‐19  18.6  32.4  N 0 2 0  0
DHS‐20  357.7  56.6  N 0 1 1  0
DHS‐21  188.0  ‐48.1  R 2 0 0  0
DHS‐22  ~  ~  ~ ~ ~ ~  ~
DHS‐23  159.5  ‐54.3  R 1 1 0  0
DHS‐24  ~  ~  ~ ~ ~ ~  ~






Site  Dec. (°)  Inc. (°)  Site Polarity Class 1 Class 2 Class 3  Class 4
LOC‐1  356.9  49.9  N 5 1 0  0
LOC‐2  309.5  11.7  N 9 0 0  0
LOC‐3  14.4  56.1  N 0 0 3  0
LOC‐4  23.1  45.0  N 3 0 0  0
LOC‐5  22.8  40.2  N 4 0 0  0
LOC‐6  ~  ~  ~ ~ ~ ~  ~
LOC‐8  353.2  48.3  N 1 0 0  0





Table 5: Site Mean Directions vs. Expected 
















MH14‐18  891  346.5  48.0  ‐13.5  5.1  7.5  149.8  3.3  4 
MH14‐17  868  327.7  65.6  ‐32.3  ‐12.6  9.9  60.4  4.7  5 
MH14‐16  844  163.9  ‐35.3  ‐16.1  ‐17.7  8.1  52.6  3.7  9 
MH14‐15  724  146.4  ‐62.0  ‐33.6  9.0  16.4  34.5  6.2  5 
MH14‐14  701  0.4  49.4  0.4  3.6  13.4  48.4  5.8  4 
MH14‐13  626  192.1  ‐21.4  12.1  ‐31.6  30.8  470.6  2.2  3 
MH14‐12  602  154.3  ‐42.5  ‐25.7  ‐10.6  12.8  52.3  5.6  4 
MH14‐11  574  185.0  ‐54.9  5.0  1.9  11.4  25.5  5.7  8 
MH14‐10  533  182.4  ‐65.3  2.4  12.3  12.7  22.3  6.1  8 
MH14‐09  451  179.4  ‐43.5  ‐0.6  ‐9.5  66.6  10.8  14.2  3 
MH14‐08  388  327.4  52.8  ‐32.6  0.2  10.1  33.7  4.9  8 
MH14‐06  356  161.5  ‐38.0  ‐18.5  ‐15.0  5.3  443.0  1.7  5 
MH14‐05  342  208.6  ‐40.8  28.6  ‐12.2  23.7  9.1  10.1  7 
MH14‐04  275  188.9  ‐54.3  8.8  1.3  13.1  17.0  6.6  9 
MH14‐03  260  346.4  43.5  ‐13.7  9.5  12.2  103.7  4.6  3 
MH14‐01  238  164.6  ‐52.6  ‐15.4  ‐0.4  4.7  118.0  2.1  13 
MH14‐02  227  168.0  ‐53.5  ‐12.0  0.5  9.2  58.0  4.0  7 
MH14‐25  197  182.3  ‐46.2  2.3  ‐6.8  17.5  15.7  8.4  6 
MH14‐26  174  197.9  ‐47.2  17.9  ‐5.8  39.4  42.3  8.8  2 
MH14‐27  156  169.3  ‐54.7  ‐10.7  1.7  13.9  20.1  6.8  7 
MH14‐28  146  167.1  ‐57.4  ‐12.9  4.4  6.1  52.5  3.2  12 
MH14‐29  122  169.8  ‐47.8  ‐10.2  ‐5.2  9.8  161.0  3.7  3 
MH14‐30  92  181.6  ‐51.3  1.6  ‐1.7  19.6  16.3  9.0  5 
MH14‐24  66  172.6  ‐53.9  ‐7.4  0.9  4.7  62.5  2.6  16 
MH14‐23  59  170.2  ‐48.3  ‐9.8  ‐4.7  7.0  39.8  3.7  12 
MH14‐22  42  168.2  ‐52.8  ‐11.8  ‐0.2  8.4  28.3  4.4  12 
MH14‐21  28  164.7  ‐53.2  ‐15.4  0.2  13.6  25.1  6.6  6 
MH14‐20  15  172.0  ‐56.4  ‐8.0  3.4  8.0  57.5  4.0  7 























DHS15‐1  174.1  ‐61.3  ‐5.9  ‐8.3  13.9  162.9  3.2  4
DHS15‐2                         
DHS15‐3                         
DHS15‐4  213.0  ‐37.5  33.0  15.5        NaN  2
DHS15‐5  181.7  ‐41.3  1.7  11.7  54.4  239.3  3.7  2
DHS15‐6                         
DHS15‐7  177.9  ‐51.6  ‐2.1  1.4  13.1  89.9  4.9  3
DHS15‐8  159.6  ‐55.6  ‐20.4  ‐2.6  8.6  419.5  2.0  4
DHS15‐9  177.4  ‐48.1  ‐2.6  4.9  9.5  94.8  4.2  4
DHS15‐10  357.9  46.7  ‐2.1  ‐6.3  11.1  123.8  4.2  3
DHS15‐11  193.7  ‐36.1  13.7  17.0  162.3  51.3  8.0  2
DHS15‐12  185.2  ‐47.7  5.2  5.3  10.8  131.8  4.1  3
DHS15‐13  175.1  ‐50.4  ‐4.9  2.6  12.7  195.9  2.9  4
DHS15‐14  164.8  ‐59.7  ‐15.2  ‐6.7  18.5  123.6  4.2  3
DHS15‐15                         
DHS15‐16  333.7  56.0  ‐26.3  3.0  25.4  98.5  5.8  2
DHS15‐17  358.2  43.7  ‐1.8  ‐9.3  42.7  36.4  9.5  2
DHS15‐18  352.9  29.9  ‐7.1  ‐23.1  31.8  16.1  11.7  3
DHS15‐19  18.6  32.4  18.6  ‐20.6  NaN  10.2  17.9  2
DHS15‐20  357.7  56.6  ‐2.3  3.6  56.9  21.4  12.4  2
DHS15‐21  188.0  ‐48.1  7.9  5.0  13.0  370.3  3.0  2
DHS15‐22                         
DHS15‐23  159.5  ‐54.3  ‐20.6  ‐1.3  26.2  93.1  5.9  2
DHS15‐24                         
DHS15‐25  199.5  ‐53.6  19.5  ‐0.5  23.3  16.5  10.0  4
          
Expected 
Direction  0.0  53.0      
Current 





















LOC15‐1  356.9  49.9  1.5  ‐3.1  8.6  50.3  4.3  7.0 
LOC15‐2  309.5  11.7  ‐50.5  ‐41.3  13.0  16.6  6.6  9.0 
LOC15‐3  14.4  56.1  18.5  3.1  25.0  25.4  9.3  3.0   
LOC15‐4  23.1  45.0  26.0  ‐8.1  12.5  98.8  4.7  3.0   
LOC15‐5  22.8  40.2  22.5  ‐12.8  13.1  49.9  5.7  4.0   
LOC15‐6                          
LOC15‐8  353.2  48.3  ‐6.8  ‐4.7  10.9  23.1  5.6  9.0   
LOC15‐9                          
                
Expected 
Direction  0  53              
Current 





Table 6: Suite Mean Directions vs. Expected 
Table 6a‐ Mecca 
Hills        
Mode:  Declination  Inclination a95  N  κ 
       
Stratigraphic N+R:  353.4  50.8 4.4 29.0 39.5 
Stratigraphic N  343.1  52.5 11.3 5.0 47.1 
Stratigraphic R  175.4  ‐50.3 4..9 24.0 38.1 
       
Geographic N+R  8.8  50.0 4.9 29.0 30.0 
Geographic N  9.1  58.1 17.5 5.0 20.0 
Geographic R  188.7  ‐48.4 5.1 24.0 34.6 
       
Expected Direction  0.0  53.0     
Current Direction  12.0  59.0     
 
Table 6b‐ Desert Hot Springs        
Mode:  Declination Inclination a95  N  κ 
       
Stratigraphic N+R:  0.7 48.8 5.6 19.0 37.0 
Stratigraphic N  357.8 45.0 12.7 6.0 28.8 
Stratigraphic R  182.2 ‐50.6 6.6 13.0 40.9 
       
Geographic N+R  8.8 51.7 4.8 19.0 49.0 
Geographic N  2.6 46.9 9.8 6.0 47.8 
Geographic R  192.1 ‐53.7 5.6 13.0 56.5 
       
Expected Direction  0.0 53.0     
Current Direction  11.9 59.2     
 
Table 6c‐ Live Oak Canyon        
Mode:  Declination Inclination a95  N  κ 
       
Stratigraphic N  10.6 48.6 10.7 5 52 
       
Geographic N  354.9 55.5 11.5 5 45 
       
Expected Direction  0 53   
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Figure 1: Geologic map of the Salton Trough region along the southern San Andreas fault 
(modified from McNabb, 2013). Inset map displays regional location of the Salton Trough 
and general direction of transform plate motion. Pink boxes depict location of study 
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Figure 2. Deformation model used to predict sense and amount of rotation based on 
various fault geometry configurations (modified from Housen et al., 2013). A) Three 
configurations of the San Andreas fault used in the deformation model: (V) vertical SAF,
(D) northeast dipping SAF, and (H) Vertical SAF and hidden fault. B) Model predictions 
of sense and amount of vertical axis block rotation for the Coachella Valley. Red indicates 
CCW rotation and Blue indicates CW rotation as seen on scale to the right. C) Predictions 






























































































































Pc/K Precambrian xline and Cret. plutonic rocks
Late Cret. / Early Tertiary Orocopia Schist
Mid-Tertiary volcanic rocks
faulted mudstone, likely Pliocene Borrego Fm 
Plio-Pleistocene(?) Mecca Conglomerate
Lower Palm Spring Formation
Upper Palm Spring Fm (incl. 760-ka Bishop ash)
















Figure 3:  Geologic map of the Mecca Hills, modified from McNabb (2013). Pink line 





































Figure 4: Geologic location map of Desert Hot Spring field area (modified from Proctor, 
1968). Locations is ~2 km NW of the city Desert Hot Springs. Target rocks are the 
Pleistocene conglomeratic sandstone. Paleomagnetic site locations are shown as red 
circles. 
N
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Young axial valley deposits
Older axial valley deposits
San Timoteo beds (Plio-Pleistocene)
N
0 0.5KM
Figure 5: Geologic location map of Live Oak Canyon field area (modified from Matti et al., 2003). 
Location is ~ 1 km west of Yucaipa, California. Target units are the San Timoteo beds of Pliocene 
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Figure 6: Magnetostratigraphic section, modified from McNabb (2013). Results of 2012-2013 
paleomagnetic  samples are described in Messe (2014), correlated to polarity time scale 


























Figure 7: Examples of orthogonal vector projections and Equal Area plots of free line
fit (A) and plane fit (B). Line fits are used if demagnetization paths clearly trend toward 
the origin. Plane fits are used when demagnetization is incomplete or demagnetization 
trend is not towards the origin. Open squares represent horizontal components 
















Figure 8: Example orthogonal vector plots illustrating demagnetization 
classification categories. Closed (open) squares represent horizonal (vertical) 






















Figure 9: Equal area projections of site mean directions of A) Mecca Hills, B) Desert Hot 
Springs, and C) Live Oak Canyon data. Equal area plots in the left two columns show direction 
data in geographic coordinates. and the right two columns display tilt-corrected data. The right 
side plot for each set includes mean directions and 95% confidence ellipses around them. 
Blue, closed (red, open) circles are plots of normal (reverse) polarity data. Interpretation of 
















































































































Deviation - degrees, (-) CCW, (+) CW
Figure 10: Deviations of declinations and inclinations in stratigraphic coordinates for the 
Mecca Hills sites from declination and inclination of time averaged magnetic field. Vertical 
axis is stratigraphic position in the Mecca Hills section. Error bars are alpha 63 confidence 
values. Inclinations are shown as pink (blue) lines for shallowing (steepening) compared to 











Figure 11: Equal area plots of second removed component portray site mean directions at  
geographic and 100% tilt-adjusted positions. Open (closed) circles are interpreted as reverse 
(normal) polarities. Histogram illustrates maximum folding following Tauxe and Watson 
(1994). Tau-1 is the eigenvalue that increases as clustering of site directions increases. Fraction 
of maxima refer to the histogram of 500 para-data sets generated by a parametric bootstrap.
Dashed lines are examples of bootstrap calculated eigenvalue curves and the solid red 
line represents the average bootstrap calculated eigenvalue curve. The numbers at the
top of each box on the right show the range of untilting that include 95% of the 
eigenvalue maxima. A-Mecca Hills sites. B- Desert Hot Springs sites. C- Live Oak Canyon sites.
67
Figure 12: Example reversal test results for tilt-corrected versions of Mecca Hills (A) and Desert 
Hot Springs (B) polarity data. Cumulative frequency distribution of remanence directions ‘ 
Tauxe Python tool revtest.py converts remanence directions to Cartisian coordinates X, Y, and Z.
The frequency of each coordinates values is expressed as a sum from zero to 1 (y-axis). The 0.025 
lines represent normal polarity and dashed black lines plot the results of the reverse polarity data. 
A
B
and 0.975 values are as the 95% confidence bounds (vertical lines) for each distribution. Red
orthogonal components and their 95% confidence intervals for normal and reverse polarity data.






Figure 13: Day (1977) plot after Dunlop et al. (2002). Horizontal axis is coercivity of remanence 
to coercivity on a logarithmic scale. Vertical axis is saturation remanence to saturation on a 
logarithmic scale. Black lines plot the mixing trends of single-domain magnetite (SD), multido-
main magnetite (MD), and superparamagnetic magnetite (SP). Cirlces are from 4 samples 
collected in the Mecca Hills plotting parallel to the single domain-multidomain mixing line 
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Figure 14: Isothermal remanent magnetization decomposition plots of 4 samples used to 
determine magnetic mineralogy in study following the methods of Kruiver et al. (2001). 
Each component is characterized by SIRM, mean coercivity, and half-width of distribution. 
These elements determine the shape of each component curve. Three curve fitting plots 
are applied: Linear Acquisition Plot- LAP, Gradient Acquisition Plot- GAP, and Standard-
ized Acquisition Plot- SAP. Open squares represent raw data from measurement. The sum 
of components is shown by the red line. Component 1 is the dominant remanence carrier, 
while Components 2 and 3 are secondary and tertiary carriers.
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Figure 15: Accumulation curve for the Mecca Hills. Geologic Polarity Time Scale plotted against 
the stratigraphic thickness of the Mecca Hills measured section. The colored lines emphasize 
stratigraphic intervals with simalr average accumulation rates.
71



































Figure 16: Accumulation curve for the Mecca Hills. Geologic Polarity Time Scale plotted 
against the stratigraphic thickness of the Mecca Hills measured section. This plot shows the 
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Figure 17: Geologic map overlain by a deformation model with a dipping fault geometry 
(Fattaruso et al., 2014) displaying spatial variation of roation within the Coachella Valley. Color scale 
on the right of the figure relates to the tranparent, overlain deformation model. Paleomagnetic 
investigations are noted by pink and gray triangles. The central  black line indicates the mean 
direction and the colored area of the triangles depict the error associated with each mean direction. 
White line pinned to the apex of each triangle represents the expected declination for each area. 
Gray triangles represent results of previous studies in the San Timoteo Badlands (Albright et al., 1999) 
and the Borrego Badlands (Housen and Dorsey, 2010). Pink Triagles represent the results of this study 












(Housen and Dorsey, 2010)
0˚ ±  8.1˚
(Lutz et al., 2006)
73
